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ABSTRACT 
Anthropogenic emissions of CO2 and other greenhouse gases have lead to a current 
atmospheric CO2 concentration that is unprecedented in the recent geological history of the earth. 
Nearly half of anthropogenic CO2 emissions have been sequestered in the terrestrial biosphere and 
oceans, slowing the climate change associated with this greenhouse gas. However, the future of 
this uptake is uncertain. One large sink for atmospheric CO2, the growth of young temperate 
forests, may decline as these forests mature and undergo successional change in community 
composition and an expected decline in Net Primary Production (NPP) with increasing age. 
 To examine the effect of elevated atmospheric CO2 concentrations on ecosystem C loss 
via autotrophic respiration (Ra), I measured rates of fine root respiration at the Duke Free Air CO2 
Enrichment (FACE) experiment, the longest running ecosystem level CO2 experiment in a forest. 
Fine roots were investigated because their respiration was known to comprise a large but poorly 
quantified portion of total Ra. Growth under elevated CO2 increased C release from fine root 
respiration because of higher amounts of fine root biomass; thus, some of the extra C fixed 
because of increased photosynthesis under elevated CO2 was immediately respired and not 
sequestered by the ecosystem. 
I also investigated C storage more broadly by synthesizing twelve years of research on 
belowground C and N cycling at Duke FACE in an attempt to mechanistically explain two 
phenomena: (1) there has been no increase in soil C despite 12 years of increased C inputs to soils 
under elevated CO2, and (2) the trees have increased soil N acquisition under elevated CO2 and 
maintained the positive CO2-induced growth response over a long time period (>10 years). The 
enhanced rates of NPP under elevated CO2 increased the flux of C belowground, accelerated the 
rate of soil organic matter decomposition and increased nitrogen uptake from the soil through a 
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priming mechanism. As a consequence of accelerated rates of soil organic matter decomposition, 
the aboveground C sink in biomass was maintained, but no additional C was stored in the soil, the 
longest lived pool of C in aggrading forests. The lack of C buildup in soils makes long-term 
mitigation of anthropogenic CO2 emissions through sequestration by temperate forest ecosystems 
less likely, although C storage in biomass contributes to a decadal-scale C sink.   
 In an attempt to understand how NPP and C storage varies at longer timescales in this 
forest type, I established a chronosequence of 12 forest stands ranging from 15 to 115 years old. 
These stands spanned the predictable and expected pattern of secondary succession in this region, 
where early-successional loblolly pines (Pinus taeda) were replaced by shade tolerant hardwoods 
such as oaks (Quercus spp.), hickories (Cayra spp.), and a suite of other species. NPP declined 
strongly with increasing age, from ~1000 gC m
-2
 y
-1
 at 15 years of age to a stable value of ~600 
gC m
-2
 y
-1
 at >50 years of age. This decline was driven exclusively by an 80% decline in pine 
wood production, and partially alleviated by increasing production by mid-successional 
hardwoods. The decline in pine production was driven by a decline in Gross Primary Production 
(GPP), not by increasing Ra as was previously thought. The decline in GPP was consistent with 
increasing hydraulic limitation of leaf-level photosynthetic rates, but not consistent with 
increasing nitrogen limitation to photosynthetic capacity. Thus, I conclude that old, tall pine trees 
reduce stomatal conductance more frequently than shorter, young pine trees, which reduces leaf-
level photosynthetic rates, GPP, and thus NPP. This suggests that NPP in old forests will be more 
strongly stimulated through a CO2-induced increase in GPP rather than the presumed decrease in 
NPP that would result from warming-induced increases in Ra. 
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CHAPTER 1 
INTRODUCTION 
BACKGROUND  
Human activities have increased the atmospheric concentration of gases that absorb 
infrared radiation emitted by the Earth- particularly CO2, CH4, and N2O (Forster et al. 2007). 
The resulting global warming and climate change (Meehl et al. 2007) is predicted to negatively 
affect global prosperity through reduced crop production (Rosenzweig & Parry 1994; Parry et al. 
2004; Long et al. 2006), sea level rise (Leuliette et al. 2004; Bindoff et al. 2007), changes in 
species distribution (Colwell et al. 2008; Lenoir et al. 2008), and increasing storm severity (Field 
et al. 2007). 
Terrestrial ecosystems interact dynamically with this changing global climate system on a 
large scale by affecting the flow of matter and energy over the earth’s surface. Terrestrial plants 
transpire vast quantities of water to the atmosphere (Chahine et al. 1992; Schlesinger 1997a), 
influence regional and global climate by changing surface albedo (Ollinger et al. 2008), and 
exchange large quantities of matter with the atmosphere via the carbon (C) cycle. About 15% of 
the atmospheric CO2 pool cycles through plants annually (Denman et al. 2007), and terrestrial 
ecosystem store more than three times as much C as the atmosphere (Schlesinger 1997b; 
Canadell et al. 2007). Forests dominate the C cycle relative to other biomes, comprising 80% of 
total plant biomass (Whittaker and Likens 1973; Atjay et al. 1979; Dixon et al. 1994) and 50-
60% of terrestrial Net Primary Production (NPP; Field et al. 1998). Thus, the rate of C fixed by 
forests globally is ~3.5 times the rate of current anthropogenic C emissions (Le Quéré et al. 
2009), leading some to speculate that elevated CO2-induced stimulation of forest C sequestration 
may compensate for anthropogenic emissions (Idso & Kimball 1993). However, the effect of 
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elevated CO2 on forest C uptake is subject to many ecosystem feedbacks and interactions with 
intrinsic and extrinsic factors that may modulate the effectiveness of this C sink. Thus, 
understanding the controls of forest production and C storage is critical for the prediction of 
future climate and the consequences of anthropogenic C emissions (Pacala et al. 2001; 
Friedlingstein et al. 2006; Denman et al. 2007). The object of my research is to understand how 
elevated CO2 affects carbon cycling in forests and how the responsiveness to CO2 may change as 
forests age. 
 Increasing the concentration of CO2 in the atmosphere around trees directly stimulates 
photosynthetic rates and Gross Primary Production (GPP) by increasing the rate of carboxylation 
by Rubisco and reducing photorespiration by competitively inhibiting the oxygenation reaction 
(Drake et al. 1997; Schafer et al. 2003; Ainsworth & Long 2005; Wittig et al. 2005). Thus, rising 
concentrations of CO2 are expected to increase C uptake; the degree to which this translates to 
net ecosystem C gain depends on the simultaneous response of ecosystem C loss via autotrophic 
(Ra) and heterotrophic respiration (Rh). In particular, Ra by tissues dedicated to nutrient 
acquisition may increase under elevated CO2 because fine-root production (Norby et al. 2004; 
Pritchard et al. 2008a, Jackson et al. 2009) and allocation to fungal associates (Pritchard et al. 
2008b) typically increase in order to supply the nutrients required for increased biomass growth. 
Fine-roots have particularly high maintenance costs (George et al. 2003) and thus the need to 
acquire additional soil nitrogen (N) to support the CO2-induced growth response (Finzi et al. 
2007) may reduce net C uptake by increasing Ra. I explore fine-root Ra responses to 
experimental CO2 enrichment and N-fertilization in a warm-temperate forest in Chapter 2. 
Forest C acquisition is tightly controlled by the availability of limiting nutrients, 
primarily N and phosphorus (P) (Elser et al. 2007; LeBauer & Treseder 2008). N limitation of 
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NPP is thought to be particularly strong in temperate forests (Post et al. 1985; LeBauer & 
Treseder 2008; Huston & Wolverton 2009), and N limitation has been demonstrated to modulate 
the growth response of some trees to elements of global change such as increased concentrations 
of atmospheric CO2 (open-top chamber results in Oren et al. 2001; Finzi et al. 2001; McCarthy 
et al. 2009). 
 The interaction between forest response to CO2 and N availability is a controversial 
subject. The Progressive Nitrogen Limitation (PNL) hypothesis (Luo et al. 2004) was proposed 
as a framework to understand the coupled nature of C and N cycling in ecosystems. According to 
the PNL hypothesis, the growth stimulation by elevated CO2 leads to a net immobilization of N 
in plant tissues and microbial biomass, exacerbating N limitation of NPP and reducing the future 
growth stimulation by elevated CO2. Support for the PNL hypothesis is mixed; early support 
from the prototype ring at the Duke Free Air CO2 Enrichment (FACE) experiment (Oren et al. 
2001) has been refuted by subsequent observations (Moore et al. 2006; McCarthy et al. 2009) as 
an artifact of an un-replicated experiment. Additionally, early support of PNL from the Florida 
scrub-oak experiment (Hungate et al. 2006) has also been questioned by subsequent research 
(Seiler et al. 2009); the decline in the CO2 stimulation of NPP was mild and only significant 
when years with disturbance were excluded. However, PNL seems to be occurring in a 
sweetgum (Liquidambar styraciflua) forest exposed to elevated CO2 at the Oak Ridge National 
Laboratory (Norby et al. 2009). 
 Despite these controversial findings, clear differences related to nutrient availability exist 
among ecosystems in terms of their response to elevated CO2. The response of NPP to elevated 
CO2 spans a gradient, from ecosystems with a sustained growth stimulation over many years 
despite demonstrated N limitation (Moore et al. 2006; McCarthy et al. 2009), to ecosystems that 
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exhibit a transient NPP response to CO2 in the absence of N-fertilization (Reich et al. 2006; 
Seiler et al. 2009), to ecosystems so deficient in soil N that no growth stimulation is observed to 
CO2 alone (Kostianinen et al. 2009), but a large stimulation is observed if CO2 and N-
fertilization are combined (open-top chamber results in Oren et al. 2001). In Chapter 3 of this 
thesis, I summarize research from the Duke Free-Air CO2 Enrichment (FACE) experiment to 
mechanistically explain how the trees in this ecosystem have maintained a growth response to 
CO2 by acquiring more soil N. The Duke FACE study is the longest-running elevated CO2 
experiment in a forest; the duration of treatment and the extensive measurements of belowground 
processes provide an unparalleled opportunity to understand the coupled cycles of C and N. 
Future research may explain the diversity of ecosystem responses to elevated CO2 by 
determining why this mechanism does not operate in other ecosystems. 
 In Chapters 4 and 5, I address another uncertainty regarding forest C cycling and global 
change - the influence of stand age and secondary successional change on forest productivity. 
Young temperate forests such as the one discussed in Chapters 2 and 3 are a major net sink for 
atmospheric CO2 (Albani et al. 2001; Pacala et al. 2001), but the future of this sink is uncertain 
as nearly all aging forests exhibit a decline in NPP (reviews by Ryan et al. 1997; Pregitzer & 
Euskirchen 2004; DeLucia et al. 2007) that may reduce regional C uptake. Two physiological 
hypotheses have been put forward to explain this age-related decline in NPP. (1) Increasing Ra 
from the accumulation of non-photosynthetic biomass reduces the portion of GPP available for 
NPP, causing NPP to decline (Moller et al. 1954; Yoda et al. 1965; Kira & Shidea 1967; 
Whittaker & Woodwell 1967; Odum 1969). Alternatively, (2) GPP declines with age, causing 
NPP and Ra to decline (Gower et al. 1996; Ryan et al. 1997, 2006). The net response of forest 
NPP to the simultaneous increase in atmospheric CO2 and temperature expected in future climate 
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(Meehl et al. 2007) depends on whether Ra or GPP is the primary mechanism controlling the 
NPP decline. Ra is highly sensitive to temperature increases, but only indirectly related to 
increases in atmospheric CO2 through the effect of CO2 on growth respiration requirements 
(Davey et al. 2004; Leakey et al. 2009). However, GPP is highly sensitive to increases in 
atmospheric CO2 (Ainsworth & Long 2005) but comparatively less sensitive to temperature 
(Atkin & Tjoelker 2003; Campbell et al. 2007). 
 We conducted a literature survey of forests of known age where NPP and GPP were 
reported simultaneously to investigate the support for each hypothesis for forests across the 
globe (DeLucia et al. 2007). The respiration hypothesis of Odum (1969) would be supported if 
the ratio of NPP/GPP, termed Carbon-Use-Efficiency (CUE) declines with age, while the GPP 
hypothesis of Ryan et al. (1997) would be supported by a decline in GPP and NPP with 
increasing age, with little change in CUE. Both hypotheses were supported across this global 
dataset of 48 forests; GPP and NPP declined in log-linear fashions with increasing age (Fig. 1.1a; 
log10(GPP) = 3.6 – 0.25*log10(age), r
2
 = 0.43, p < 0.01; log10(NPP) = 3.5 – 0.44*log10(age), r
2
 = 
0.61, p < 0.01), which supports the GPP hypothesis. However, the slope of the NPP decline was 
significantly more negative than the slope of the GPP decline (ANCOVA, p < 0.05), resulting in 
an age-related decline in CUE (Fig. 1.1b; CUE = 0.68 – 0.15*log10(age), r
2
 = 0.36, p < 0.01), 
which supports the Ra hypothesis. This review was limited by the asymmetric distribution of 
forest types of varying age; the young forests tended to be temperate and tropical plantations 
utilized for management because of their high rates of production, while many of the old forests 
were from the boreal region, which naturally have lower rates of production (Field et al. 1998; 
Huston & Wolverton 2009). This review concluded that to examine the role of age directly, rates 
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of production and their mechanistic controls need to be measured in chronosequences of forests 
of the same type (DeLucia et al. 2007), which is what I address in Chapters 4 and 5. 
 
OVERVIEW 
 This thesis describes the results of two studies in forest ecosystems. First, I describe the 
response of a young pine forest to long-term atmospheric CO2 enrichment at the Duke FACE 
experiment, specifically the role of fine-root respiration (Rfr Chapter 2) and the coupled nature of 
C and N cycling (Chapter 3) in modulating the amount of extra C sequestered under elevated 
CO2. Secondly, I describe rates of production across a chronosequence representing the 
successional trajectory of the young Duke FACE forest, documenting changes in the structure 
and function of the forest (Chapter 4), and investigating the physiological mechanism causing an 
age-related decline in pine leaf-level photosynthetic rates (Chapter 5).  
 In Chapter 2 I document that neither elevated CO2 nor N-fertilization altered the proximal 
biochemical limits to the realized rate of Rfr, although the limiting factors exhibited seasonal 
variability. Elevated CO2 increased stand-level Rfr by increasing the standing pool of respiring 
fine roots, especially during the summer when tissue-specific Rfr was highest. The combination 
of elevated CO2 and N-fertilization decreased stand-level Rfr by reducing summer tissue-specific 
Rfr through an unknown mechanism. These observations were supported by similar changes in 
soil CO2 efflux (Chapter 3; Butnor et al. 2003), which includes Rfr and Rh. 
 In Chapter 3 I synthesize 12 years of research on the belowground pools and fluxes of C 
and N at the Duke FACE site, focusing on two questions: (1) by what mechanism is extra soil N 
acquired under elevated CO2 to sustain the CO2-induced growth response, and (2) can this 
mechanism explain why soil C has not accumulated under elevated CO2, despite ~1 kg C m
-2
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greater inputs to the soil system relative to ambient CO2 over the past 12 years? Using a number 
of independent sources of information, I concluded that trees in this ecosystem interact with soil 
microbes and trade C for soil N uptake. Increased C flow belowground under elevated CO2 
increased the decomposition of soil organic matter and liberated bound N; some of this N was 
taken up by the trees, sustaining the positive stimulation of growth by elevated CO2. I infer that 
increased cycling of C through soil organic matter has prevented the accumulation of soil C, the 
longest-lived and most stable pool of C in forest ecosystems (Dixon et al. 1994; Trumbore 2000; 
Jobbágy & Jackson 2000). 
 In Chapter 4 I document changes in the community composition and ecosystem C fluxes 
across a chronosequence of forests representing the successional trajectory of the Duke FACE 
forest. The young forests were dominated by early-successional Pinus taeda, but the density of 
these pines declined strongly with age, presumably because of intraspecific competition for 
canopy access. A diverse suite of later-successional hardwood trees became increasingly 
dominant with increasing age; co-dominance between pines and hardwoods in the oldest forests 
was reflected in the roughly equal amounts of pine and hardwood foliage. Ecosystem NPP 
declined by ~40% with age, driven by an 80% decline in pine wood production. This was 
partially, but not wholly, alleviated by increasing hardwood production. Summer canopy 
photosynthesis derived from sap-flow based estimates of canopy conductance (Ewers et al. 
2001) and δ13C derived estimates of the diffusional gradient between the CO2 concentration in 
the atmosphere (ca) and the CO2 concentration inside leaf air-spaces (ci) indicated that pine 
photosynthesis declined strongly with increasing age, while hardwood photosynthesis increased. 
Thus, these results support the conceptual model of Ryan et al. (1997) in which the age-related 
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decline in forest NPP is driven by a decline in GPP, not an increase in Ra as was previously 
thought (Odum 1969).  
 In Chapter 5 I use a variety of methods to test two hypotheses regarding the age-related 
decline in summer photosynthesis as discussed in Chapter 4. The two hypotheses were: (1) 
progressive N limitation increasingly limits photosynthetic capacity and thus decreases GPP with 
increasing age, and (2) increasing hydraulic limitation increasingly induces stomatal closure and 
thus decreases GPP with increasing age. None of the predictions derived from hypothesis (1) 
were observed. As predicted by hypothesis (2), the following was observed with increasing age: 
light saturated photosynthesis decreased, stomatal conductance decreased as observed from sap-
flow and gas exchange, specific leaf area declined, the concentration of CO2 inside the leaves (ci) 
relative to the CO2 concentrations outside the leaves (ca) declined, and stomatal limitation of 
photosynthesis increased. I conclude that hydraulic limitation increasingly limits the 
photosynthetic rates of aging loblolly pine trees, and this contributes to the age-related decline in 
NPP by this species. 
 Hydraulic limitation of photosynthesis in old, large trees has potential significance for 
future C cycling at a global scale. An increase in the concentration of atmospheric CO2 is 
expected to lead to a greater percentage stimulation of light saturated photosynthetic rates (Asat) 
in old trees exhibiting hydraulic limitation because of the curvature of the relationship between 
Asat and ci. Thus, the predicted future increase in atmospheric CO2 (Meehl et al. 2007) may be 
mitigated by increasing C-uptake by old forests. However, the degree to which this occurs 
depends on poorly understood allocation patterns that may affect the storage duration of the 
additional fixed C. 
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 This dissertation contains research in two related themes: regulation of C cycling in a 
young forest exposed to experimentally-enriched atmospheric CO2 concentrations, and long-term 
regulation of C cycling in a chronosequence of forest stands undergoing secondary succession. 
These themes are linked by the recognition that the Duke FACE experiment will not continue for 
100 years, and we lack the funding and technology to enrich the atmosphere of a large area of 
old-growth forest. Thus, we will not come to conclusions concerning the effects of global change 
on C sequestration by forests across successional time by direct experimentation. I took an 
ecophysiological approach to address this, in which I identified the physiological mechanism 
controlling long-term forest C cycling in the absence of global change factors, which may allow 
for predictions concerning the response of old forests to global change. 
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Figure 1.1. Global survey of Net Primary Production (NPP), Gross Primary Production (GPP), 
and the ratio of NPP/GPP, termed Carbon-Use Efficiency (CUE) for 48 forests of known age. 
Different symbols refer to different forest types: circle- boreal, downward-facing triangles- 
West-coast maritime, squares- temperate coniferous, diamonds- temperate deciduous, upward-
facing triangles- mixed temperate, hexagons- tropical. In (a), filled symbols refer to GPP and 
open symbols refer to NPP.
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CHAPTER 2 
FINE-ROOT RESPIRATION IN A LOBLOLLY PINE (Pinus taeda) 
FOREST EXPOSED TO ELEVATED CO2 AND N FERTILIZATION
1
 
 
ABSTRACT 
Forest ecosystems release large amounts of carbon to the atmosphere from fine-root 
respiration (Rr), but the control of this flux and its temperature sensitivity (Q10) are poorly 
understood. We attempted to: (1) identify the factors limiting this flux using additions of glucose 
and an electron transport uncoupler (carbonyl cyanide m-chlorophenylhydrazone); and (2) 
improve yearly estimates of Rr by directly measuring its Q10 in situ using temperature-controlled 
cuvettes buried around intact, attached roots. The proximal limits of Rr of loblolly pine (Pinus 
taeda L.) trees exposed to free-air CO2 enrichment (FACE) and N fertilization were seasonally 
variable; enzyme capacity limited Rr in the winter, and a combination of substrate supply and 
adenylate availability limited Rr in summer months. The limiting factors of Rr were not affected 
by elevated CO2 or N fertilization. Elevated CO2 increased annual stand-level Rr by 34% whereas 
the combination of elevated CO2 and N fertilization reduced Rr by 40%. Measurements of in situ 
Rr with high temporal resolution detected diel patterns that were correlated with canopy 
photosynthesis with a lag of 1 d or less as measured by eddy covariance, indicating a dynamic 
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link between canopy photosynthesis and root respiration. These results suggest that Rr is coupled 
to daily canopy photosynthesis and increases with carbon allocation below ground. The increase 
in stand-level Rr under elevated CO2 suggests that some of the extra C fixed under elevated CO2 
will be quickly returned to the atmosphere and not stored in the ecosystem. 
 
INTRODUCTION 
Plant (autotrophic) respiration (Ra) is globally important and releases about 60 Gt C to 
the atmosphere each year (Prentice et al. 2001), roughly eight times the flux of C from fossil 
fuels (7.2 Gt C year
−1
 from 2000 to 2005; IPCC 2007). As forest ecosystems comprise the largest 
portion of the terrestrial C flux (Prentice et al. 2001), small changes in Ra from forests could 
have a large effect on the global carbon cycle. Although Ra is typically predicted to increase with 
climate change because of its positive correlation with temperature (Boone et al. 1998; 
Friedlingstein et al. 2006), ecosystem responses to global change factors can influence the 
amount of respiring biomass or its temperature sensitivity, leading to a more complex 
relationship between global change and Ra (Luo 2007). Thus, it is important to understand how 
major aspects of global change such as increases in atmospheric CO2 (IPCC 2007) and nitrogen 
deposition (Galloway et al. 1995) affect Ra in forest ecosystems. 
Because of the lack of a rigorous mechanistic model equivalent to that for photosynthesis 
(Farquhar et al. 1980), carbon cycling models are forced to make simplifying assumptions to 
incorporate Ra. Whereas some models assume Ra is a constant fraction of gross primary 
production (DeLucia et al. 2007), many physiological models (Aber & Federer 1992; Thornton 
et al. 2002) make the assumption that Ra increases exponentially with temperature with a 
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constant Q10 of ∼2 (Q10: multiplicative change in Ra with a 10°C change in temperature). 
However, the Q10 of vegetation varies by species, tissue type, temperature and environmental 
conditions (Tjoelker et al. 1999; Atkin et al. 2000, 2005; Bernhardt et al. 2006), with substantial 
impacts on ecosystem carbon cycling. For example, allowing Q10 to acclimate to air temperature 
reduced modeled leaf respiration by 31–41% and increased above-ground net primary production 
by 18–38% in a boreal coniferous forest (Wythers et al. 2005). 
Despite its importance, few field studies have estimated the Q10 of below-ground 
processes directly. Some studies have used seasonal changes in temperature to develop a 
temperature function for respiration (Lloyd & Taylor 1994; Zha et al. 2004; Rodeghiero & 
Cescatti 2005), but this method confounds other variables with temperature (e.g. phenology), and 
is not capable of detecting seasonality in Q10 (Davidson et al. 2006). One objective of this study 
was to improve annual estimates of fine-root respiration (Rr) in a loblolly pine (Pinus taeda L.) 
forest by directly measuring the temperature dependence of respiration (Q10) throughout the year. 
Fine-root respiration was investigated because it is the largest component of Ra in this 
ecosystem, comprising ∼40% of the total flux (Hamilton et al. 2002). 
Atkin & Tjoelker (2003) proposed a tripartite mechanistic model of regulation, where Ra 
is proximally limited by enzyme capacity, substrate availability or negative feedbacks on the 
tricarboxylic acid (TCA) cycle by ATP production (i.e. limited by adenylate availability). 
Enzyme capacity generally limits Ra at low temperatures (Covey-Crump et al. 2002), whereas 
substrate or adenylate limitations are common at moderate to high temperatures (Noguchi & 
Terashima 1997; Covey-Crump et al. 2002). The realized rate of respiration is determined by the 
minimum of these limiting factors. 
23 
 
To our knowledge, this model of respiratory control has not been applied in the field or 
on trees where the seasonality of C allocation and elements of global change could alter these 
proximal limits of Ra. We hypothesize that elevated atmospheric CO2 will alleviate substrate 
limitation of root respiration (Rr) by increasing tissue carbohydrate supply (Ainsworth & Long 
2005), whereas simulated nitrogen deposition will increase respiratory capacity by providing 
more N for protein synthesis. Understanding how global change influences the limitations of Ra 
would lend confidence to future predictions of this important flux. 
This study had two specific objectives: (1) identify the limits of fine-root respiration (Rr) 
of loblolly pine trees over a seasonal cycle and investigate modifications of these limitations by 
N fertilization and elevated CO2; and (2) improve annual estimates of Rr by directly measuring 
the Q10 multiple times throughout the season. 
 
METHODS 
Site description 
This research was conducted at the Duke free-air carbon dioxide enrichment (FACE) 
experiment (Orange County, NC, USA; 35
°
58'N 79
°
05'W) comprised of six 30-m-diameter plots 
within a continuous, unmanaged loblolly pine (Pinus taeda) plantation. Three fully instrumented 
control plots receive ambient air, and three treatment plots maintain atmospheric CO2 
concentration at ambient plus 200 µmol mol
−1
 to simulate conditions expected in the year 2050 
(IPCC 2007). The experimental design has been expanded to include the FACE prototype and 
reference plots, but this study was conducted in the original six plots only. In 2006, the year of 
this study, average daytime CO2 concentration was ∼383 µmol mol
−1
 in the ambient plots, and 
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∼577 µmol mol−1 in the elevated plots. The CO2 concentrations at night were similar in both 
treatment and control plots (∼410 µmol mol−1; Keith Lewin, Robert Nettles personal 
communication). Soils are of the Enon Series derived from mafic bedrock (fine, mixed, active, 
thermic Ultic Hapludalfs) and are slightly acidic (0.1 M CaCl2 pH 5.5). Detailed descriptions of 
the FACE technology (Hendrey et al. 1999) and soils at this site are available (Oh & Richter 
2005). 
A nitrogen fertilizer treatment was added to the FACE experiment in 2005. Each year, 
ammonium nitrate was hand-broadcasted to half of each plot at a rate of 11.2 gN m
−2
 year
−1
 in 
two applications (half in March, half in April). The unfertilized half of each plot was separated 
from this treatment by a 70-cm-deep impenetrable tarp; 95% of fine roots are <15 cm deep and 
nearly 0% are >30 cm (Matamala & Schlesinger 2000). The experimental design at the time of 
this study was a split-plot in a randomized complete block design with three replicates; CO2 
treatment was the whole-plot factor and N treatment was the subplot factor. 
Net ecosystem exchange of CO2 (NEE) was measured with an eddy covariance system 
(EC) comprised of a triaxial sonic anemometer (CSAT3, Campbell Scientific, Logan, UT, USA) 
coupled with an open-path infrared gas analyzer (LI-7500, Li-Cor, Lincoln, NE, USA) 
positioned 20.2 m above an upwind ambient CO2 plot. The Webb–Pearman–Leuning correction 
for the effects of air density fluctuations on flux measurements was applied to scalar fluxes 
measurements (Webb et al. 1980), and a 1/2 h averaging interval was chosen. More information 
about these measurements and subsequent data analyses are available (Katul et al. 1997; Stoy et 
al. 2006a,b). 
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Oxygen electrode measurements 
The rate of oxygen consumption before and after the addition of exogenous glucose or an 
electron transport uncoupler (carbonyl cyanide m-chlorophenylhydrazone, CCCP) was measured 
on excised roots three times during the year. Two subsamples were averaged per subplot in May 
and three subsamples were averaged per subplot in July and January. These sampling dates were 
chosen to capture variation in C allocation, as maximum wood growth is in May (Moore et al. 
2006), needle and fine-root growth peaks are in July (Schafer et al. 2003), and little growth 
occurs in January. Roots were sampled between 0900 and 1200 h to minimize potential time-of-
day effects. Attached P. taeda fine roots (≤1.5 mm diameter) were excavated by removing the 
litter layer and gradually exposing roots with paint brushes. Roots were excised with a razor 
blade and stored in 1 mm CaCl2 buffered to pH 5.50 with 2-Morpholinoethanesulfonic acid 
(MES) during transport to an on-site laboratory (∼5 min). Approximately 0.5 g fresh weight 
(FW) of fine roots were cut into 3 cm segments and divided into three subsamples. One 
subsample was stored in liquid N2 for analysis of carbohydrates. The other subsamples were 
incubated for 20 min in buffer or buffer plus glucose (50 mM) at a controlled temperature that 
approximated ambient soil temperature (20 °C in May and July, 10 °C in January). Increased Rr 
in the glucose-saturated sample relative to the subsample without added glucose (hereafter the 
'basal sample') would indicate that the availability of sugar substrates limited basal Rr. 
Respiration of the paired subsamples (basal and glucose-saturated) was measured 
concurrently at incubation temperature in Clark-type oxygen electrodes (Dual Digital Model 20; 
Rank Brothers, Cambridge, UK). The respiration rate was measured over a period of 10 min 
following 5 min of equilibrium in the electrode. CCCP was then injected to the basal sample to a 
final concentration of 15 µL and the uncoupled respiration rate was measured over the next 
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10 min following a 10 min equilibration period. CCCP dissipates the H
+
 gradient across the inner 
mitochondrial membrane, uncoupling proton transport from ATP synthesis. An increase in Ra 
upon addition of CCCP would indicate that the H
+
 gradient across the mitochondrial membrane 
limited O2-consumption (Lambers et al. 2005; Papa et al. 2006). All measurements were 
completed <90 min after root excision. Rates of oxygen consumption were converted to CO2 
efflux to facilitate comparisons with gas exchange measurements assuming a respiratory quotient 
of 1.25 (Penning de Vries et al. 1974; Matamala & Schlesinger 2000). One measurement was 
taken per subplot of a single block per day. The concentrations of glucose and CCCP used in this 
study saturated the stimulation of O2 consumption in these fine roots (Drake, personal 
observation). 
Tissue chemistry 
Each frozen root subsample was ground using mortar and pestle in liquid N2 and 
immediately subjected to three extractions in 80% ethanol and 2 mm Hepes (pH 7.8), and one 
extraction in 50% ethanol and 2 mm Hepes (pH 7.8; all at 80 °C for 20 min). Concentrations of 
glucose, fructose and sucrose were quantified spectrophotometrically (Jones et al. 1977; Hendrix 
1993) at 340 nm with a 96 well plate reader (Powerwave HT; Biotek, Winooski, VT, USA). 
Starch was degraded to glucose by overnight incubation with amyloclucosidase and α-amylase at 
37 °C, and quantified as glucose equivalents in the plate reader. The other root subsamples were 
dried and combusted in an elemental analyzer to determine C and N contents (ECS 4010; 
Costech, Valencia, CA, USA). 
Gas exchange measurements 
The in situ rate of CO2 evolution was measured in July and January by enclosing intact, 
attached fine roots in buried gas exchange cuvettes. About 0.3 g FW of attached fine root tissue 
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was excavated from 0 to 5 cm below the litter layer, washed as described previously, patted dry 
and placed into a custom polycarbonate cuvette with a type-E thermocouple. The leaf litter and 
disturbed soil was replaced to allow the cuvettes to reach thermal equilibrium with the soil. Four 
cuvettes were prepared in this way per subplot. 
Root CO2 efflux was measured using a custom open-path automated sampling system 
built around a closed-path infrared gas analyzer (Li 6262; Li-Cor, Lincoln, NE, USA). Ambient 
air that passed through two 122 L buffer volumes was used as the input gas in the ambient plots; 
high temporal variation in [CO2] necessitated the use of standard air tanks (400 µmol CO2 mol
−1
) 
in elevated CO2 plots. Air was humidified as much as possible using a series of water bubblers 
and traps. Gas manifolds containing five solenoid valves (Mac Valves, Wixom, MI, USA) 
allowed the air flow to be directed to a reference line or one of four cuvettes. The system was 
controlled by a data logger (CR10X; Campbell Scientific, Logan, UT, USA). The flow rate was 
measured with a mass flow meter (Hastings ST-1K; Teledyne Hastings, Hampton, VA, USA) 
upstream of the manifolds. A single measurement consisted of passing air through a cuvette for 
4 min and then through the reference line for 1 min. The data logger recorded 10 s averages of 
cuvette temperatures and CO2 concentration and computed a difference measurement as 
ΔCO2 = [COs]cuvette − [CO2]reference (Long et al. 1993). A measurement cycle of all four chambers 
was achieved every 20 min. A 24 h diel cycle of Rr was measured on all sampling dates after 
roots acclimated to the cuvettes for 5 h. Q10 values were calculated from diel variation according 
to the following equation:  
Q10 = (R2/R1)^[10(T2-T1)]; 
 where T1 and R1 denote temperature and Rr at the daily minimum temperature (0600 to 0800 h), 
and T2 and R2 denote temperature and Rr at the subsequent maximum temperature (1300 to 
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1500 h). Soil temperature and Rr were relatively constant between 0400 and 0700 h; values 
during this period were averaged to calculate basal Rr for each plot. 
Temperature response of Rr 
The temperature sensitivity of respiration (Q10) was measured following 24 h of in situ 
measurements by modulating cuvette temperatures with an external water bath that circulated 
water through the base of each cuvette. Rr was measured at five temperatures from 5 to 40 °C; 
two measurements per cuvette were averaged per temperature. Roots were excised, dried and 
analyzed for C and N content as described previously. Subplots of each main plot were sampled 
on successive days. Sampling of all plots was completed over 2 weeks in July 2006 and January 
2007. The temperature response was not measured in N-fertilized subplots because of time 
constraints. 
Scaling Rr to the stand-level 
The basal in situ respiration rates were scaled to yearly estimates using soil temperature 
at a depth of 10 cm, the measured temperature sensitivity of Rr and plot-specific measurements 
of fine-root biomass. Fine-root biomass was measured every 3 months with soil cores (4.75 cm 
diameter, 15 cm deep, n = 3 per subplot). Roots were picked by hand, dried and weighed 
(Jackson, unpublished). Monthly fine-root biomass was estimated by interpolating plot averages 
with a linear spline function (Proc Expand, SAS v9.1; SAS Institute, Cary, NC, USA). In 2006, 
annually averaged fine-root biomass in ambient CO2 × ambient N, elevated CO2 × ambient N, 
ambient CO2 × N fertilized and elevated CO2 × N fertilized were 250, 374, 291 and 347 g m
−2
, 
respectively (data not shown). Thirty-minute averages of soil temperature were measured at 
10 cm depth in four locations in the ambient plot associated with the eddy covariance system. 
These measurements were averaged by month to coincide with the biomass estimates. Values of 
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Rr measured in situ were converted to monthly estimates using the measured temperature 
response. The summer rates and temperature response were used for May–November whereas 
the winter values were used for December–April, following the growing and dormant seasons at 
this site (Moore et al. 2006). Applying these rates and functions to different combinations of 
months altered the yearly Rr estimates by less than 5%. 
Data analysis 
Statistical analyses followed a repeated measures split-plot design and were computed 
using SAS (v9.1; SAS Institute). Repeated-measures mixed-model analyses of variance (Proc 
Mixed) were used in all analyses except for the regressions and temperature-response curves, 
where least squares regressions were used (Proc Reg). The apparent Q10 curves were fit in 
Sigmaplot 10.0 (Systat, San Jose, CA, USA). The lag analysis was performed as in Ekblad & 
Hogberg (2001). Covariance structures in the repeated-measures analyses were modeled as 
autoregessive-1, as this minimized the fit statistics based on the -2 res log likelihood parameter 
(Littell, Henry & Ammerman 1998). All analyses were checked to ensure homoscedasticity and 
normality of residuals; transformations were applied where appropriate. Unless otherwise stated, 
all data are presented as least-squares means and error bars are ±1 SE as estimated within a 
mixed model [i.e. least squares (LS)–standard errors]. 
 
RESULTS 
Respiratory control and tissue chemistry 
Low rates of Rr and the absence of a response to exogenous glucose or CCCP suggest 
that Rr was limited by enzyme capacity during January (Fig. 2.1). In contrast, Rr was limited by a 
combination of substrate supply and ATP utilization during May and July, as Rr was 
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significantly increased by the addition of glucose and CCCP. There were no significant main 
effects or interactions of elevated CO2 or N on Rr, or its stimulation by substrate or uncoupler 
(P > 0.2), so the LS means of sampling date were presented for clarity (Fig. 2.1). Uncoupler 
stimulated Rr by 31.0 and 16.6% in May and July, whereas glucose additions stimulated Rr by 
21.6 and 19.9%, respectively. 
Fine root carbohydrate contents were seasonally variable (Table 2.1). Concentrations of 
glucose increased in the winter, whereas fructose concentrations decreased. Starch decreased in 
July, the period of maximal root production (Pritchard et al. 2008), suggesting that this starch 
was used for growth. Notably, there were no direct effects of elevated CO2 or N fertilization on 
fine-root carbohydrates. Nitrogen fertilization caused an average 22.8% increase in fine-root N 
but did not increase Rr. 
Fine-root O2 consumption rates were positively correlated with tissue sucrose and N 
concentrations, but the degree of substrate or adenylate restriction was not related to any 
measured aspect of tissue chemistry. Sucrose was positively correlated with basal, glucose-
saturated and CCCP-uncoupled respiration rates (data not shown, log–log plots, respective 
slopes = 0.027, 0.031, 0.036; respective r
2
 = 0.29, 0.26, 0.32; P < 0.01), but sucrose 
concentrations could not explain the differences between these rates. Root N content was 
positively correlated with basal respiration rate, but the slope was significantly decreased by N 
fertilization [analysis of covariance (ancova), data not shown, log-log plots, slope in ambient 
N = 0.086 ± 0.003; N-fertilized = 0.0718 ± 0.003, r
2
 = 0.26 and 0.12, respectively, 
ancovaP < 0.01]. 
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In situ Rr: CO2 efflux 
Basal Rr measured by gas exchange on attached roots in the field (Fig. 2.2) varied with 
sampling date (P < 0.01), and was reduced by the combination of elevated CO2 and N 
fertilization in July (Tukey adjusted P < 0.05). No treatment effects were observed in January 
(P > 0.5). Averaged across treatments, Rr was 8.60 and 1.87 nmol CO2 g
−1
 dry weight (DW) s
−1
 
in July and January, respectively. 
Temperature sensitivity of Rr 
The relationship between Rr and temperature (Fig. 2.3a) was best described by a linear 
regression, although a small but significant second-order term was present in July (July: 
y = −7.25 + 1.17x – 0.011x2, P < 0.01, r2 = 0.61; January: y = −0.0115 + 0.173x, P < 0.01, 
r
2
 = 0.68). The observed temperature sensitivity of Rr (slope) was significantly higher in July 
than in January (ancova, P < 0.01). The observed data could only be described by the traditional 
exponential function if the Q10 declined with temperature (Fig. 2.3b). There was no observable 
difference in the temperature sensitivity of respiration by roots grown at different CO2 
concentrations (ancova, P > 0.4). 
Diel Rr variation 
Diel variation in Rr was relatively small in the winter, but large diel variation was 
observed on some days during the summer (Fig. 2.4; examples of low and high diel variations in 
Rr during summer). Diel cycles of Rr were strongly related to temperature on all days (Pearson's r 
between temperature and Rr = 0.64 ± 0.03). Q10 values calculated from diel patterns of Rr 
(hereafter 'apparent Q10') were relatively low and constant in the winter, ranging from 1.07 to 5.0 
with a mean of 3.0. However, apparent Q10 values calculated in this way for summer data were 
variable and extremely large, ranging from 2.5 to 104.8, with a mean of 24.2. The variation and 
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magnitude of these values suggest that a process beyond simple temperature sensitivity was 
operating during the summer. 
We hypothesized that day-to-day variation in the diel pattern of Rr was influenced by 
substrate supply, as Rr responded to additions of exogenous glucose in the summer (Fig. 2.1). 
Therefore, we investigated the relationship between carbon assimilation [daytime NEE measured 
by eddy covariance, when photosynthetically active radiation (PAR) > 0] and the apparent Q10 
calculated from diel cycles. Variation in the apparent Q10 was correlated with NEE (Fig. 2.5a; 
apparent Q10 = 0.044 × 0.0992*e
(0.185 × NEE)
, P < 0.01, r
2
 = 0.83). Furthermore, lag analysis 
indicated that recent carbon assimilation explained the observed apparent Q10 values; NEE from 
more than 1 d prior to measurements of Rr were not significantly correlated with apparent Q10 
(Fig. 2.5b). It appears that NEE affected the temperature sensitivity of Rr instead of affecting Rr 
directly, as increasing NEE only slightly reduced the correlation between temperature and Rr 
(Pearson's r between temperature and Rr = 0.726 – 0.005*NEE, P < 0.05, r
2
 = 0.19). 
Yearly stand-level Rr 
The yearly quantity of carbon respired by fine roots varied with elevated CO2 and N 
fertilization (Fig. 2.6), and this variation was driven largely by the standing biomass of fine roots 
and tissue-specific rate of respiration. Rr released 645 ± 74 g C m
−2
 year
−1
 in ambient conditions, 
and this was not significantly affected by N fertilization alone (546 ± 74 g C m
−2
 year
−1
, P > 0.2). 
Elevated CO2 increased the amount of carbon released by Rr to 869.7 ± 74 g C m
−2
 year
−1
 
(P < 0.05), primarily because of increased standing fine-root biomass in the elevated CO2 plots. 
The combination of elevated CO2 and N fertilization reduced Rr to 389 ± 73 g C m
−2
 year
−1
, but 
this decrease was not statistically significant after the Tukey adjustment for multiple 
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comparisons (P > 0.05). This reduction was driven by the 61% decrease in the tissue-specific Rr 
(Fig. 2.2) despite an increase in the standing root biomass relative to ambient conditions. 
DISCUSSION 
Fine-root respiration is a complex process best understood at multiple levels of 
organization in space and time. At the tissue level, instantaneous Rr was partially determined by 
substrate availability and ATP utilization (Fig. 2.1), and daily Rr was influenced by the 
temperature sensitivity of respiration, which was affected by recent canopy carbon assimilation 
(Figs 4 & 5). At the ecosystem scale, Rr was determined primarily by the standing crop of fine 
roots, which was likely governed by plant allocation to nutrient or water acquisition. Rr was 
reduced by the combination of elevated CO2 and N fertilization (Fig. 2.2, trend in Fig. 2.6), but 
no changes in tissue chemistry (Table 2.1) or respiratory control (Fig. 2.1) were found that might 
explain this observation. This may be explained by increased above-ground net primary 
production (ANPP) in elevated CO2 and N-fertilized plots, as ANPP has been shown to be 
inversely related to total below-ground allocation at this site (Palmroth et al. 2006). Perhaps less 
C is transported below-ground in these plots, reducing the C available for Rr. 
The proximal limits to Rr varied seasonally but were not affected by elevated CO2 or N 
fertilization. The limitation of Rr by enzyme capacity in the winter (Fig. 2.1) was likely caused 
by the reductions of enzyme activity in cold temperatures (Ryan 1991; Atkin et al. 2000). 
Reduced respiratory capacity in the winter is consistent with the significant reduction in fine root 
N (Table 2.1) and temperature sensitivity (Fig. 2.3a). This response is the opposite of 
temperature acclimation as it is generally understood (Atkin et al. 2005), suggesting that fine 
roots at this site enter a relatively dormant state during the winter (Alvarez-Uria & Korner 2007). 
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Yearly estimates of stand-level Rr were less sensitive to the temperature response 
function than expected. We recalculated yearly Rr assuming Q10 = 2 (George et al. 2003), and 
found that this overestimated Rr by 9.5%. Similarly, we found that applying the summer 
temperature response (Fig. 2.3a) to summer and winter tissue-specific rates overestimated Rr by 
only 0.7%. The reduced temperature sensitivity of Rr in the winter was thus unimportant to stand 
C balance at this site because the flux during these months was small, and soil temperatures were 
in a range where the temperature response functions converged (Fig. 2.2). 
The combination of methods used in this study shed light on the mechanisms that caused 
previous estimates of Rr at this site to differ. Using the O2 electrode method on roots obtained 
from soil cores, a method similar to that used in this study (Fig. 2.1), Matamala & Schlesinger 
(2000) estimated Rr to be 4.08 and 4.42 nmol CO2 g
−1
 DW s
−1
 in ambient and elevated CO2, 
respectively, whereas George et al. (2003), using gas exchange techniques on intact roots as in 
Fig. 2.2, estimated Rr to be 8.93 and 6.91 nmol CO2 g
−1
 DW s
−1
 in ambient and elevated CO2. 
These methods lead to estimates of annual Rr that varied by more than 100%. Although this 
could arise from interannual variation in Rr, results presented here suggested that much of the 
disparity is methodological. We estimated Rr using both methods in the same forest at the same 
time and found little correspondence (compare Figs. 2.1 and 2.2). A treatment effect of CO2 × N 
was detected using in situ gas exchange (Fig. 2.1), but no treatment effects were detected using 
measurements of O2 consumption (Fig. 2.2). It is possible that the damage response to excision 
and immersion in buffer for the O2 consumption measurements overwhelmed the treatment 
differences. In addition, Rr measured by in situ gas exchange were higher than those of O2 
consumption in July, but the opposite occurred in January. These results highlight the disparate 
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results obtained with different methods. Although both techniques disrupt the root–microbe–soil 
matrix, we believe the in situ method is more reflective of in situ fluxes as roots are left intact. 
The yearly estimates of Rr reported here correspond with soil respiration (Rsoil) 
measurements from this site. Compared with a 7 year mean of Rsoil (Bernhardt et al. 2006), Rr as 
reported here comprised 43% of Rsoil in ambient CO2 and 50% of Rsoil in elevated CO2. These 
values are close to the average of 55% for all temperate coniferous forests, and are consistent 
with the trend of increasing Rr/Rsoil with increasing Rsoil (Subke et al. 2006). N fertilization 
reduced Rsoil by 20% when combined with elevated CO2 but only 8.5% in ambient CO2 (Oren et 
al. unpublished). The reduction of Rr by the combination of elevated CO2 and N fertilization 
(Figs 2 & 6) could explain this 20% reduction in Rsoil. Additionally, the observation that the Q10 
of Rr declines with temperature (Fig. 2.3b) is supported by previous observations that the Q10 of 
Rsoil declines with temperature at this site (Bernhardt et al. 2006). This correspondence with Rsoil 
at this site increases our confidence in the accuracy of in situ gas exchange measurements of Rr. 
The close correlation between NEE and the apparent Q10 of Rr (Fig. 2.4) suggests that the 
rate of root respiration is tightly and immediately coupled to canopy photosynthesis. Stoy et al. 
(2007) demonstrated a 1–3 d time lag between carbon uptake and Rsoil in this forest, but 
overlapping lag times in the biological (plant and mycorrhizae) and physical (soil matrix) 
components in the ecosystem complicated efforts to definitively attribute this lag time to biotic 
or abiotic factors. Automated soil respiration measurements have documented temperature-
independent diel cycles that follow light availability and photosynthesis in a deciduous forest 
(Liu et al. 2006) as well as an oak–grass savannah (Tang et al. 2005). Similarly, strong coupling 
between photosynthesis and Rsoil has been observed in a Pinus ponderosa forest (Irvine et al. 
2005). These studies and results from girdling experiments (e.g. Hogberg et al. 2001), suggest 
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that there is a direct link between canopy photosynthesis and Rr. It is also possible that this 
coupling involved respiration by ectomycorrhizal fungi at the root surface, as it was not possible 
to separate mycorrhizae and fine roots without causing considerable damage. Thus, we are 
unable to determine if canopy photosynthesis is directly coupled with Rr, indirectly coupled to 
rhizosphere respiration via root exudation or both. 
The coupling of canopy C assimilation and Rr suggests that elevated CO2 should increase 
Rr by increasing canopy photosynthesis (Schafer et al. 2003), but we did not detect such an 
increase in Rr (Fig. 2.2). This is because we estimated in situ Rr using measurements in the 
morning from 0400 to 0700 h to minimize between-day variance in temperature; it is reasonable 
to expect that coupling with canopy photosynthesis was absent in these early morning hours. We 
lacked the sampling intensity to investigate treatment level variation in the NEE–Rr coupling. 
Future work on Rr could investigate the implications of the NEE–Rr coupling for yearly stand C 
balance. 
The timescale of the observed coupling (1 d or less) is shorter than the 3–4 d lag between 
fixation and soil efflux inferred from isotope data in this forest (Andrews et al. 1999; Mortazavi 
et al. 2005). The longer lag times may reflect the physical lag associated with CO2 movement 
through the soil before it is measured as surface efflux (Stoy et al. 2007). It is also possible that 
the process linking photosynthesis and Rr operates at a shorter timescale than actual carbohydrate 
transport between needles and fine roots. Models of phloem transport indicate that pressure-
concentration waves propagate through a plant more quickly than the transport of individual 
sugar molecules (Thompson & Holbrook 2003; Thompson 2006). This indicates that high rates 
of photosynthesis could rapidly deliver sugars to distant tissues such as fine roots even if the 
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delivered molecules were not fixed that day. Such an influx of sugar would likely stimulate Rr 
because of substrate limitation during the summer (Fig. 2.1). 
We estimated the time it would take for sucrose loading into needle phloem at the top of 
the canopy to increase the sucrose concentration in the phloem of fine roots (propagation time: 
τp) using a theoretical model of phloem transport (Ferrier 1976; Thompson & Holbrook 2004) 
according to the equation τp = 0.5(µL
2Ψπ
−1
k
−1
) where µ is viscosity, L is path length, Ψπ is sap 
osmotic potential, and k is specific conductivity. We estimated µ to be 1.5e
−9
 MPa·s, Ψπ to be 
1.5 MPa (Thompson, personal communication), L to be 25 m (canopy height is 19 m), and k to 
be 4.4e
−12
 m
2
 (Thompson & Holbrook 2003), leading to an estimate of 20 h for τp. This value is 
consistent with our results (Figs 4 & 5). Furthermore, varying µ, L,Ψπ and k within reasonable 
limits lead to estimates of τp between 10 and 30 h, which is within the timeframe of the observed 
coupling (Fig. 2.5). Similarly, a maximum phloem transport rate on the order of 1 m h
−1
 (Peuke 
et al. 2001) results in similar lag times using the earlier mentioned assumptions. 
Fine-root respiration is a complex process with controls that operate on different 
timescales and levels of organization. Elevated CO2 and N fertilization did not alter the 
regulation of Rr, but elevated CO2 increased stand-level Rr by increasing the amount of respiring 
tissue. The combination of elevated CO2 and N showed a trend of reduced Rr. The mechanism 
for this is unknown, but could be caused by reduced C allocation below ground. Measurements 
of Rr with high temporal resolution detected a dynamic coupling between canopy C assimilation 
and the temperature dependence of Rr, suggesting that carbohydrate transport can increase 
ecosystem C loss on short timescales, although the effects of this coupling on stand C balance is 
not yet known. With further research it may be possible to predict rhizospheric respiration from 
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eddy covariance measurements of ecosystem fluxes given accurate models of phloem wave 
propagation and mass transport. 
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Table 2.1. Chemistry of Pinus taeda fine roots grown in the field under elevated CO2 and N fertilization. LS-means are shown by 
treatment and sampling date. Standard errors estimated from repeated-measures mixed model ANOVAs are as follows: glucose, 0.9; 
fructose, 0.9; sucrose, 2.5; total soluble carbohydrates (TSC; glucose + fructose + sucrose), 3.7; starch, 19.4, C %, 0.6; N %, 0.05, 
C:N, 1.4. Units for glucose, fructose, sucrose, and TSC are μmol g-1 DW. Starch values are in μmol glucose equivalents g-1 DW. 
Statistically significant main effects and interactions (p < 0.05) are shown in the bottom row: D = sampling date, C = CO2 treatment, N 
= nitrogen treatment; interactions are shown as combinations of these letters. 
CO2 N Month Glucose  Fructose Sucrose  TSC   Starch  C % N % C:N 
Control Control May 3.6 7.8 21.7 33.2 64.0 50.9 1.22 43.2 
  July 3.8 6.1 16.0 25.9 42.9 51.7 1.20 43.5 
  January 8.7 1.6 10.7 21.0 62.5 51.7 1.11 47.1 
           
Control Fertilized May 1.9 8.4 21.0 31.3 60.4 52.0 1.64 32.4 
  July 3.3 4.8 15.2 23.3 41.4 51.9 1.46 35.8 
  January 6.8 1.4 8.5 16.7 59.5 51.9 1.38 38.2 
           
Elevated Control May 2.5 3.6 11.5 17.5 72.0 50.8 1.17 43.7 
  July 3.7 6.1 17.4 27.2 29.2 52.1 1.18 44.7 
  January 8.9 1.6 11.3 21.8 46.7 51.8 1.06 49.1 
           
Elevated Fertilized May 4.8 8.1 18.1 31.0 89.1 52.3 1.45 37.1 
  July 2.9 7.0 17.7 27.6 12.9 52.7 1.38 38.6 
  January 8.5 1.4 10.8 20.7 55.7 51.9 1.21 43.3 
           
Significant Effects  D D, DxC D D D N D, N D, C, N 
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Figure 2.1. Basal respiration (Rr) of excised fine roots and the rate following addition of glucose 
or a mitochondrial uncoupler (carbonyl cyanide m-chlorophenylhydrazone) in liquid-phase 
oxygen electrodes assuming a respiratory quotient of 1.25. Categories that do not share a letter 
are significantly different (Tukey adjusted p < 0.05). Measurement temperatures approximated 
soil temperatures: 20
o
C in May and July and 10
o
C in January.  
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Figure 2.2. In situ respiration of attached loblolly pine fine roots. Treatments are as follows: c, 
ambient [CO2]; C, elevated [CO2]; n, ambient nitrogen; N, nitrogen fertilized. Four sub-replicates 
were averaged per plot (n = 3). Categories that do not share a letter are significantly different 
(Tukey adjusted p < 0.05). Rr was measured at ambient soil temperature: 20
o
C in July and 10
o
C 
in January.  
 
 
 July                                    January
cn cN Cn CN   cn  cN  Cn  CN  
R
r 
(n
m
o
l 
C
O
2
 g
-1
 D
W
 s
-1
)
0
2
4
6
8
10
12
14
a
a
a
b
b
b b
b
42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Temperature-sensitivity of fine root respiration of adult loblolly pine trees (a). 
Summer data: solid symbols and line: y = -7.25 + 1.17x – 0.011x2, p < 0.01, r2 = 0.61). Winter 
data: open symbols and dashed line: y = -0.0115 + 0.173x, p <0.01, r
2 
= 0.68. Circles are ambient 
CO2; triangles are elevated CO2. Q10 values were generated from these data (b) using the 
following equation: Q10 = 10
(10* slope)
. The slope was calculated as the derivative of the second-
order polynomial describing log10 respiration versus temperature plots.  
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Figure 2.4. Examples of diel variation in loblolly pine fine root respiration (Rr; ●, solid line) and 
temperature (○, dotted line). Each point indicates an hourly average of four subsamples, with 
three measurements per subsample. Light background indicates day; shaded background, night. 
The variation of Rr was small on some days [(a) 14 July 2006] with reasonable apparent Q10 
values (Q10= 3.3). Rr was highly variable on other days [(b) 5 July 2006] with very large 
apparent Q10 values (Q10= 79.6).  
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Figure 2.5. Relationship between apparent temperature-sensitivity of fine root respiration (Q10) 
as calculated from diel cycles and simultaneous daytime Net Ecosystem Exchange (NEE; a) Data 
are from gas exchange measurements as in Fig. 2.4 during July (●) and January (○). y = 0.044* 
0.0992*eˆ(0.185x) p < 0.001, r2 = 0.83. (b) Regressions as in (a) fit using lagged daytime NEE 
values. ** indicates significance at p < 0.01, ***  p < 0.001. 
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Figure 2.6. Total annual loss of carbon due to fine root respiration (Rr) in a loblolly pine forest 
exposed to elevated [CO2] and nitrogen fertilization. Treatments are as follows: c, ambient 
[CO2]; C, elevated [CO2]; n, ambient nitrogen; N, nitrogen fertilized. Values are the mean of 
three experimental plots per treatment (n = 3). Treatments that do not share a letter are 
significantly different at p < 0.05 (Tukey adjusted p-value).  
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CHAPTER 3 
THE MECHANISM ENABLING LONG-TERM STIMULATION OF NET 
PRIMARY PRODUCTION BY ELEVATED CO2 IN A WARM-
TEMPERATE FOREST
1
 
 
ABSTRACT 
The earth’s future climate state is highly dependent upon changes in terrestrial C storage in 
response to rising concentrations of atmospheric CO2. Experiments to date display a wide range 
of productivity responses to elevated CO2, yet there remains little mechanistic understanding of 
the underlying processes. Here we detail the processes controlling the sustained productivity 
response of a warm-temperate forest to 12 years of continuous atmospheric CO2 enrichment. We 
show that enhanced rates of net primary production (NPP) under elevated CO2 are sustained by a 
C-cascade through the root-microbe-soil system; increases in the flux of C belowground under 
elevated CO2 stimulated microbial activity, accelerated the rate of soil organic matter (SOM) 
decomposition, the release of the N bound to this SOM and N uptake by trees. This process set 
into motion a positive feedback maintaining greater C gain under elevated CO2 as a result of 
increases in canopy N content and higher photosynthetic N-use efficiency. An emergent, 
ecosystem-level property of the interaction between N requirement and belowground exchanges 
of plant C for N is the storage of C primarily in tree biomass, a decadal-scale sink that is more 
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vulnerable than soil C to re-emission as CO2 from disturbance-induced mortality caused by pests, 
fire, extreme climatic events, or land-use decisions. 
 
INTRODUCTION 
Predictions of the earth’s future climate state are highly sensitive to the C-cycle response 
of ecosystems to rising concentrations of atmospheric CO2 (Friedlingstein et al. 2006; Meehl et 
al. 2007). Ecosystem responses to experimental increases in atmospheric CO2 concentrations 
vary widely, from ecosystems in which low soil-N availability precludes an enhancement of NPP 
in response to elevated CO2 (Oren et al. 2001; Menge & Field 2007) to experiments which, in 
the absence of N fertilization, observe only a transient response of NPP to elevated CO2 (Reich et 
al. 2006; Seiler et al. 2009), to demonstrably N-limited ecosystems where the enhancement in 
NPP is sustained through time (Langley et al. 2009; McCarthy et al. 2010). To understand why 
ecosystems respond differently to elevated CO2, it is necessary to understand the mechanistic 
connection between plant physiological responses to elevated CO2 and their attending effects on 
nutrient availability and uptake. 
Among elevated CO2 experiments, the Duke Forest Free-Air CO2 Enrichment (FACE) 
experiment is unique in that NPP in this N-limited system remains significantly higher under 
elevated compared to ambient CO2 for over a decade in the absence of nutrient amendment 
(McCarthy et al. 2010). This site is therefore at one end of the response gradient raising the 
questions of what processes sustain higher productivity under elevated CO2 and how the 
responses here apply to other ecosystems. 
To answer these questions we constructed a belowground C budget based on 12-years of 
measurements from the Duke FACE experiment, focusing on belowground C fluxes and their 
56 
 
relationship to N availability and uptake by forest trees. We show that accelerated rates of soil 
organic matter (SOM) decomposition sustain the long-term increase in NPP in response to 
elevated CO2. The duration of experimental treatments and the comprehensive measurements of 
belowground processes provide an unparalleled opportunity to understand the coupled nature of 
the belowground cycles of C and N.  
 
RESULTS 
Elevated CO2 increased the rate of C-cycling through the soil. The total quantity of C 
entering the soil via litterfall and all belowground C inputs increased 17% from 1507 g C m
-2
 
year
-1
 under ambient CO2 to 1764 g C m
-2
 year
-1
 under elevated CO2 (Fig. 3.1; ANOVA, p < 
0.05). The total belowground C flux (Litton et al. 2007), increased by 16% under elevated CO2 
(repeated-measures ANOVA, p < 0.01). The increase in C entering the soil under elevated CO2 
was matched by increased C loss attributable to significant increases in fine and coarse root 
standing stock and their associated respiratory fluxes (i.e., autotrophic respiration; ANOVA, p < 
0.05), as well as to a significant increase in heterotrophic respiration (Fig. 3.1; repeated-measures 
ANOVA, p < 0.05).  There also were smaller but significant increases in belowground C 
allocation to mycorrhizal fungi (ANOVA, p = 0.06) and the exudation of labile C compounds 
from roots into the soil (Fig. 3.1; ANOVA, p < 0.05). Thus the additional ~1000 g C m
-2
 that 
entered the soil under elevated compared to ambient CO2 over the 12 years of treatment did not 
result in a net accumulation of C in mineral soil pools (Table 1-2 in Appendix I). 
 The additional N required to support higher rates of NPP under elevated CO2 was largely 
supplied by increased soil N uptake, not by increases in the retranslocation of nutrients prior to 
tissue senescence (Fig. 3.2a) nor by increases in atmospheric-N deposition or N2 fixation 
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(Hofmockel & Schlesinger 2007). Soil N uptake increased by an average of 24% from 8.3 to 
10.3 gN m
-2
 y
-1
 in ambient and elevated CO2, respectively (Fig. 3.2a; repeated-measures 
ANOVA, p < 0.01), while N retranslocation increased by only 11% from 2.6 to 2.9 gN m
-2
 y
-1
 
(Fig. 3.2a; repeated-measures ANOVA, p < 0.01). From 1997 through 2005 an additional 18 g N 
m
-2
 were taken up from the soil under elevated CO2 (Fig. 3.2b; slopes differ significantly, 
ANCOVA, p < 0.001), which largely accumulated in the standing pools of N in pine foliage and 
wood, although a marginally significant increase was observed in wood N of understory 
hardwood trees (Table 3.1). 
The total amount of C flux belowground (Total Belowground Carbon Flux, TBCF) was 
inversely and asymptotically correlated with the availability of soil N, with substantial increases 
in TBCF as N availability declined (Fig. 3.3a). Consistent with the role of N supply affecting 
TBCF, experimental additions of N reduced surface soil CO2 efflux under ambient and elevated 
CO2 (Butnor et al. 2003), a reduction driven by declines in root production, respiration and 
exudation (Phillips et al. 2008; Jackson et al. 2009). The inverse relationship between TBCF and 
N availability was not exclusively a consequence of N fertilization; a similar relationship holds 
when data points from the fertilized halves of each FACE plot were excluded (Fig. 1 in 
Appendix I). The significantly higher rate of TBCF per unit of available N (Fig. 3.3a) suggests 
an intensification of belowground C fluxes under elevated compared to ambient CO2.  
Greater TBCF was associated with greater plant soil N uptake (Figs. 3.1-3.2). This 
response was, in part, driven by increases in fine root production under elevated CO2 (Fig. 3.1). 
However, N uptake per unit fine root production was significantly higher under elevated CO2 
(Fig. 3.3c; repeated-measures ANOVA, p < 0.05) suggesting an acceleration of SOM 
decomposition. Consistent with this suggestion, the immobilization of the 
15
N tracer in tree 
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biomass was significantly greater in elevated compared to ambient CO2 three growing seasons 
following application (Fig. 3.3d, ANOVA, p < 0.05), despite near complete immobilization of 
the tracer in SOM following application in 2003. 
Increased soil N uptake under elevated CO2 maintained the CO2-stimulation of NPP. NPP 
was correlated with canopy N content (Fig. 3.4), and elevated CO2 significantly increased the 
slope and intercept of this relationship (ANCOVA, p < 0.05). Part of the increase in NPP under 
elevated CO2 was because of increased canopy N content, but NPP was also increased by 
elevated CO2 at a common N content (ANCOVA, p < 0.05). Thus, elevated CO2 stimulated NPP 
through a small increase in canopy N and a large stimulation in C-uptake per unit canopy N. 
 
DISCUSSION 
The long-term increase in forest productivity under elevated CO2 at the Duke FACE site 
was maintained by a belowground trade of tree C for soil N, with the quantity of C allocated 
belowground set by the availability of N in the soil and the demand for N to meet growth 
requirements. Compared to ambient CO2, the increase in TBCF under elevated CO2 resulted in 
the priming of SOM decomposition, the release of the N bound to this SOM and an increase in 
the rate of N uptake by trees.  This process set into motion a positive feedback maintaining 
greater C gain under elevated CO2. Greater N uptake allowed for an increase in canopy N 
content, which in combination with higher photosynthetic N-use efficiency (Crous et al. 2008) 
stimulated higher rates of NPP under elevated compared to ambient CO2 (Fig. 3.4). The 
consequence of the belowground trade of C for N was a sustained sink for C in biomass, but the 
preclusion of a soil C sink because of increases in microbial decomposition of SOM. 
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Three lines of evidence indicate that priming of SOM decomposition drove the 
belowground trade of plant C for N bound to SOM, and that the N released from SOM priming 
was responsible for the sustained enhancement of productivity under elevated CO2 in this forest 
for over a decade. First, all of the belowground C fluxes associated with priming (Kuzyakov et 
al. 2000) were increased by elevated CO2, including root production and mortality, the 
production of roots deeper in the soil (Pritchard et al. 2008a), root exudation (Phillips et al. 
2008), increased fungal rhizomorph production (Pritchard et al. 2008b) and the allocation of C to 
mycorrhizal fungi (Table 2 in Appendix I). This is a necessary condition for priming to occur. 
Second, the isotopic signature of the C fixed under elevated CO2 was incorporated into all C 
fractions in the soil, indicating that recently fixed C replaced a significant fraction of the SOM 
present prior to the initiation of the experiment even in the most stable, mineral bound fractions 
of SOM (Lichter et al. 2008). Although there was no C tracer at ambient CO2, the replacement of 
mineral soil C is likely to have occurred just as it did under elevated CO2, though at a slower rate 
as indicated by the lower rates of heterotrophic respiration. Finally, the  larger sink for 
15
N under 
elevated CO2 compared to ambient CO2 three years following tracer application (Fig. 3.3d) 
indicates that the priming of SOM decomposition helped enhanced soil N uptake under elevated 
CO2.  
Recent studies at the Duke FACE site also show enhanced rates of SOM decomposition 
under elevated CO2. The activity of labile-C degrading enzymes (e.g. glucosidase) is 
significantly higher under elevated CO2 (Finzi et al. 2006b), as is the activity of soil heterotrophs 
that decompose recalcitrant pools of SOM (Billings & Ziegler 2008). These processes are 
enhanced in rhizosphere soils under elevated CO2 where root exudation rates, microbial 
respiration and the activity of enzymes degrading labile (N-acetylglucsaminidase) and 
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recalcitrant (phenol oxidase) pools of N-bound to SOM are significantly enhanced (Phillips et al. 
in review). Collectively the results reported here and those from the literature clearly indicate 
that enhanced TBCF under elevated CO2 accelerates the turnover not only of recent 
photosynthate but also organic materials in the soil. 
The priming of SOM decomposition provides a mechanistic and parsimonious 
explanation for the greater rate of N uptake and lack of C accumulation in mineral soil under 
elevated CO2 despite sustained increases in C inputs belowground (Fig. 3.2, Table 2 in Appendix 
I). The enhanced demand for N to support NPP under elevated CO2 (Finzi et al. 2007) increased 
the flux of C belowground relative to ambient CO2 conditions. The increase in belowground C 
flux cascaded through the root-microbe-soil system by stimulating microbial activity, SOM 
decomposition and N uptake. Hence the consequence of N limitation of NPP in this aggrading 
forest is the storage of C in biomass. This is an important sink for atmospheric CO2, typically 
over decadal time scales. However, C storage in biomass is highly vulnerable to re-emission as 
CO2 as a result of self-thinning and disturbance-induced mortality caused by pests, fire, extreme 
climatic events and land-use decisions (McCarthy et al. 2006).  
How do the results of this experiment relate to the diversity of ecosystem responses in 
other long-term experiments? One hypothesis is that mycorrhizal fungi play an important role in 
mediating long-term responses. Both the Duke FACE site and the scrub-oak open-top chamber 
site have largely sustained long-term NPP responses to elevated CO2 (Seiler et al. 2009; 
McCarthy et al. 2010) and are dominated by tree species that associate with ectomycorrhizal 
fungi (EMF). EMF have broad enzymatic capability associated with N acquisition (Chalot & 
Brun 1998), decompose labile and recalcitrant components of soil organic matter, and transfer N 
to host plants (Read et al. 2004). Rates of root exudation are also higher in ectomycorrhizal trees 
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compared to those that associate with arbuscular mycorrhizal fungi (AMF) (Smith 1976; Phillips 
& Fahey 2006). Hence, the association with EMF and greater rates of root exudation may be 
sufficient to push SOM decomposition to the point where C invested belowground returns N to 
host trees. 
By contrast, the down regulation of productivity responses to elevated CO2 has occurred 
in ecosystems where plants associate with AMF (Reich et al. 2006; Menge & Field 2007; Norby 
et al. 2009). The enzymatic capability of AMF is not as broad as EMF for the scavenging of N 
from organic complexes (Read & Perez-Moreno 2003). In combination with lower rates of root 
exudation, belowground-C allocation in plants that associate with AMF may not be of sufficient 
magnitude that the N return to host plants and its associated C assimilation offsets the 
belowground C investment, thereby preventing long-term CO2 fertilization of NPP in N limited 
ecosystems.  
The global-scale models used for climate projections typically do not include a 
mechanism by which N can limit the CO2-fertilization of ecosystem C-uptake (Denman et al. 
2007) and thus these models are unable to reflect the diversity of ecosystem responses to 
elevated CO2. The mechanism presented here is complicated, and encapsulating these processes 
in a simple manner that can be used to reduce the uncertainty of climate projections remains a 
substantial challenge. It is possible that N return per C investment belowground could be 
summarized by relatively simple functions of soil fertility and plant functional types (and thus 
their mycorrhizal associations), however this implementation awaits future mechanistic work in 
other ecosystem types. 
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METHODS 
Field Site 
 The Duke Free Air CO2 Enrichment (FACE) experiment was located in Orange County, 
North Carolina (35
o
97' N, 79
o
09' W). The forest was dominated by loblolly pine (Pinus taeda) 
trees that were planted as 3-year-old half-sib seedlings in 2.4 x 2.4 m spacing in 1983. 
Measurements in a prototype FACE plot along with a paired, un-instrumented reference plot, 
began in 1994. Measurements in six additional plots— each fully instrumented, three receiving 
elevated CO2— began in 1996. All plots were 30-m-diameter and four plots maintained an 
atmospheric CO2 concentration 200 μL above ambient throughout the forest volume. The three 
fully instrumented control plots were fumigated with ambient air only (Hendrey et al. 1999). 
This study presented results from the six plots that began operation in 1996. The fumigation CO2 
was derived from the combustion of natural gas with a depleted 
13C signature (δ13C = -
43.0±0.6‰) resulting in plant tissues with a δ13C value of -39‰; tissues produced under ambient 
CO2 conditions maintained their C3 signature of -28‰ (Jackson et al. 2009).   
A CO2 x N fertilization study was initiated in 2005 when ammonium nitrate was hand-
broadcast to half of each plot at a rate of 11.2 gN m
-2
 year
-1
. This amount was applied in two 
applications in the first year, half in March and half in April; fertilizer was applied once in March 
in subsequent years. The fertilizer was prevented from moving between half-plots by a 70-cm 
deep polyvinyl tarp. 
 Some of the data used to construct the carbon budget were drawn from previous analyses 
(Tables S1-2), while other data came from previously unpublished and new observations. Here 
we briefly describe the methodologies for all of the pools and fluxes used in this analysis.  
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Pools 
The standing pool of fine root biomass was measured every three months by taking three 
4.76 cm diameter soil cores per plot (AMS, Forestry Suppliers, Jackson, MS, USA) to a depth of 
15cm. The soil was brought to the laboratory, where roots were picked by hand, dried, weighed, 
and analyzed for C-content using micro-Dumas combustion (ECS 4010, Costech Analytical, 
Valencia, CA, USA). Once a year, this process was also performed for the 15-30 cm depth 
(Jackson et al. 2009). 
 Pools of coarse roots were estimated from regional allometric relationships between 
diameter-at-breast-height (1.45 m) and coarse root biomass (McCarthy et al. 2010). The total 
root pool was calculated as the sum of fine and coarse root pools (Fig. 3.1).  
 The amount of C stored as gaseous CO2 in soil air spaces was calculated from 
measurements of CO2 concentration in soil gas wells. Each plot had 4 wells at 15, 30, and 70 cm 
depths and 2 wells at 100 and 200 cm depths (Andrews & Schlesinger 2001; Jackson et al. 
2009). The concentration of CO2 in each well was measured at monthly intervals using an infra-
red gas analyzer with a maximum range of 100,000 ppm (EGM-1, PP-systems, Amesbury, MA, 
USA) by drawing gas directly into the IRGA and recording the maximum concentration. These 
measurements were converted to g C m
-2
 using the ideal gas law while accounting for the 
temperature sensitivity of the air density using thermocouples buried next to each gas well.  
 Microbial biomass-N was measured using the chloroform-fumigation extraction method 
(Allen et al. 2000). Microbial biomass-N was converted into microbial biomass-C by multiplying 
by the measured C/N ratio of microbes at this site (C/N = 7.1). 
 Carbon stored in the litter layer on the forest floor and in SOM was measured from 12 
soil cores 4.76 cm in diameter to a depth of 30 cm. These samples were sieved (<2 mm) to 
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remove stones and roots. The volume and mass of stones and roots were determined and used to 
correct field bulk density (g/cm
3
). Soil and litter were ground to a find powder and subsampled 
for percent C analysis using micro-Dumas combustion (NA1500 Series 1, Carlo Erba 
Instrumentazione, Milan, Italy). Total C in the organic and mineral soil horizons was calculated 
using standard methods (Lichter et al. 2008). 
Fluxes- soil C outputs 
The rate of CO2 diffusion out of the soil (i.e. soil CO2 efflux or soil respiration) was 
measured with a closed IRGA system (PP-systems, Amesbury, MA, USA) monthly at 12 
permanently installed PVC collars (10 cm diameter) per plot (Bernhardt et al. 2006). 
Measurements were made from 1100 to 1700 EST, which bracketed the time of maximum soil 
CO2 efflux. Soil temperature was recorded at the time of efflux measurement at a depth of 3cm 
directly adjacent to each collar. These instantaneous measurements were scaled to annual fluxes 
by fitting Q10 temperature response curves and interpolating these curves with soil temperatures 
measured by thermistors in each plot measured every 30 minutes from 1997 to 2007. The 
temperature response curves were of the form: efflux = b20*Q10
(T-10)/20
. The Q10 values were 
taken from a previous study at this site (Bernhardt et al. 2006); b20, the rate of efflux at 20
o
C, 
was fit seasonally (spring, summer, fall, and winter) for every plot in all years and for every 
subplot of all years after N-fertilization. A regression of predicted efflux vs. measured efflux had 
a slope of 1.01, an intercept of -0.01, and an r
2
 of 0.59. 
 While soil CO2 efflux is the dominant flux for soil C loss, two other fluxes of dissolved 
inorganic carbon (DIC) remove C from the soil. The rate of DIC leaching was measured with 
lysimeters at 2 m depth- these data were taken directly from the literature (Andrews & 
Schlesinger 2001). Soil DIC also is dissolved into soil water and transported up the stems of 
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trees. This rate was calculated from measurements of soil CO2 concentrations and sap flow 
(Schafer et al. 2002). The amount of DIC dissolved in soil water was predicted using Henry's 
law after correcting for temperature effects on the solubility of DIC (Butler 1982). This 
concentration of DIC was then multiplied by the rate of tree water uptake and summed annually. 
Fluxes- soil C inputs 
Fine root production was measured monthly using 12 minirhizotrons per plot to 
document changes in fine root length to a depth of 30 cm (Pritchard et al. 2008a). Root length 
increments were converted to g C m
-2
 year
-1
 using specific root length (g C/cm) measured on 
roots obtained from soil cores. Coarse root production was calculated as the annual change in 
coarse root C (described above in Pools). The rate of C exuded from fine roots was measured in-
situ with a recently developed chamber-based method (Phillips et al. 2008).  
 Production of ectomycorrhizal (ECM) fungi was estimated using microscopy methods to 
estimate the biovolume of fungal sheaths surrounding root tips (Garcia et al. 2008) and dividing 
this measure of the ECM pool size by the mean residence time (MRT) of ECM-C. This approach 
assumes that pools sizes are at steady state. The MRT of ECM-C was estimated to be 0.41 years 
from 
14
C analysis of ECM tips isolated from the ambient CO2 plots. We assumed a fresh tissue 
density of 1.1 g cm
-3
, a solids content of 40%, and a carbon content of 40% (Paul & Clark 1996) 
for all mycorrhizal tissues. Production by other fungal types such as arbuscular mycorrhizal 
(AM) and non-mycorrhizal (NM) were also estimated from microscopic methods, and the 
production of glomalin was estimated as easily-extractable immunoreactive soil protein (EE-
IRSP). The MRT of glomalin was estimated to be 17.6 years based on 
14
C analysis of glomalin 
from the ambient CO2 plots. Intraradial AM fungi were assumed to have the same MRT as pine 
fine roots (Matamala et al. 2003), while the MRT of AM and NM fungi was assumed to be 7 
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days based on a pot study (Staddon et al. 2003). These fluxes and the exudation of C by fine 
roots were summed to obtain the 'flux to microbes' value (Fig. 3.1). 
 Ecosystem fine root respiration (Rfr) was estimated from in-situ measurements of the 
tissue-specific rate of Rfr at 20
o
C and the temperature dependence of Rfr (Drake et al. 2008). 
These measurements were scaled to an annual flux using daily measurements of average soil 
temperature at 15cm depth and fine root biomass (Jackson et al. 2009). To estimate coarse root 
respiration (Rcr), we assumed that the tissue-specific rate of respiration was the same for 
aboveground wood and coarse roots (Hamilton et al. 2002). We scaled this rate to an annual flux 
assuming a Q10 of 2.0 using soil temperature and coarse root biomass. 
 Litterfall was collected monthly January through September and biweekly October 
through December from twelve litter baskets (0.218m
2
 each) per plot (Finzi et al. 2001). Litter 
was sorted into components, dried, weighed, and a subsample was measured for C-content by 
micro-Dumas combustion (ECS 4010, Costech Analytical, Valencia, CA, USA). Woody debris 
was collected from two additional 0.49m
2
 collectors per plot.  
 
Fluxes- internal C cycling 
Fine root mortality was estimated using the same minirhizotron approach as was used to 
estimate fine root production. Litter decomposition was estimated using an MRT approach; litter 
mass was divided by MRTs measured at this site (Lichter et al. 2008) to estimate the loss of litter 
to decomposition. The turnover of C in SOM was estimated from the rate by which the isotopic 
composition of the fumigation gas was incorporated into the bulk SOM pool in the elevated CO2 
plots (Lichter et al. 2008). There was no isotopic tracer in the ambient CO2 plots, so SOM 
exchange was only estimated for the elevated CO2 treatment. 
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 The rate of heterotrophic respiration (Rh) was estimated by mass balance; the sum of fine 
and coarse root respiration was subtracted from the sum of all ecosystem C outputs (i.e. Rh = 
(Soil CO2 efflux + DIC leaching + DIC transpiration) – (fine root respiration + coarse root 
respiration)). This gave the amount of CO2 produced in the soil that was not accounted for by 
autotrophic respiration. 
Nitrogen Measurements 
The annual requirement of N, soil N uptake, and N retranslocation prior to foliage 
senescence were calculated from measurements of biomass increments and turnover and the 
concentration of N in each component, as has been done previously (Finzi et al. 2002; Finzi et al. 
2007). The concentration of inorganic N in the top 15cm of mineral soil was measured two to 
four times per growing season since the beginning of the Duke FACE experiment. Details for 
sample processing, extraction and analysis are available (Finzi et al. 2001; Finzi & Schlesinger 
2003). 
Over three consecutive days in May 2003, tracer-level quantities of 
15
N were applied to 
one ambient and one CO2-fumigated plot per day. Enough water was added to the 
15
N to 
simulate a 0.2-mm rain event. The tracer solution was applied using backpack sprayers. 
Paralleling the proportions of NH4
+
 and NO3
-
 in the soil (Finzi & Schlesinger 2003), the tracers 
(98 atom-percent 
15
N) were added as 75% 
15
NH4Cl and 25% K
15
NO3 at a rate of 0.015 g 
15
N m
-2
 
in 0.25 l H2O m
-2
, which represents ~3% of the inorganic N pool (0-15 cm depth). 
The redistribution of the 
15
N label was followed for three growing seasons, corresponding 
to the 7th-9th growing seasons after the initiation of CO2 fumigation. We sampled all 
components of the ecosystem from the canopy through 30-cm depth in the mineral soil horizon 
in September of 2003, 2004 and 2005 when the canopy had reached its seasonal maximum N 
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content (Finzi et al. 2004). The samples were analyzed for atom-percent 
15
N using continuous-
flow isotope ratio mass spectrometry at Boston University on a GV Isoprime mass spectrometer 
with a precision for N isotopes of  0.2‰. Soil samples were analyzed at the UC Davis Stable 
Isotope facility on a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 
20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). After correcting for 
background pools of 
15
N in each sample type, we estimated the percent recovery of 
15
N in 
biomass through time (i.e., Fig. 3.3d). At the end of the first growing season, 87.6% of the 
15
N 
label was immobilized in soil organic matter, of which only 5.4% of the 
15
N was in dissolved 
organic forms and in microbial biomass. Inorganic N accounted for <0.2% of the 
15
N recovered.  
C Budget Closure   
Total Belowground Carbon Flux (TBCF) was calculated for all plots in all years from 
1997-2007 to assess the degree of closure of the budget. TBCF mathematically includes all 
processes that input C to the soil except litterfall, and should be equal to the sum of fine root 
production, coarse root production, root exudation, ECM and other fungal production, fine and 
coarse root respiration, and throughfall leaching (Table 2 in Appendix I). TBCF was calculated 
by mass balance using the following equation (Giardina & Ryan 2002): TBCF = Fefflux + Fleaching 
+ Ftranspiration - Flitter  + Δ (CSOM + Croots), where Fefflux is soil CO2 efflux, Fleaching is DIC leeched 
from the soil, Ftranspiration is DIC transpired by the trees, Flitter is litterfall, and Δ (CSOM + Croots) 
reflects the change in C stored in SOM and roots on an annual time step. A treatment average 
was used for SOM because of its inherent variability, but plot averages were used for all other 
terms. The sum of TBCF and litterfall was slightly higher than the sum of C outputs from the soil 
(1507 vs. 1429 in ambient CO2, 1764 vs. 1675 in elevated CO2), reflecting a small sink that 
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corresponds reasonably well with a known C-sink on the forest floor (Lichter et al. 2008). Thus, 
the TBCF method indicated good C budget closure. 
 The C budget showed a small lack of closure, however, when using the sum of measured 
C inputs instead of TBCF. The sum of all C outputs from the soil (1434 and 1692 gC m
-2
 year
-1
 
under ambient and elevated CO2, respectively) was slightly greater than the sum of all measured 
C inputs to the soil (1282 and 1586 gC m
-2
 year
-1 
in ambient and elevated CO2, respectively; 
Table 2 in Appendix I), suggesting that the soil was a net source of C to the atmosphere of 152 
and 106 gC m
-2
 year
-1
 in ambient and elevated CO2, respectively. This residual was within the 
error estimate derived from the summation of all C budget terms, and it was likely that the inputs 
and outputs of C were actually close to balanced. Eddy-covariance measurements indicate that 
this site is a net sink for CO2 on the order of ~450 gC m
-2
 y
-1
 (Oren et al. 2006; Stoy et al. 2008) 
and this uptake is mostly explained by the aboveground wood increment of ~380 gC m
-2
 y
-1
 
(Finzi et al. 2006a). Most of the remaining C can be accounted for by the known sink of 30 gC 
m
-2
 year
-1
 as litter on the forest floor (Lichter et al. 2008). Thus, the whole site C balance was 
best explained by a neutral soil C budget. The difference between C outputs and inputs was 
similar between CO2 treatments, suggesting an underestimated C flux. Many C inputs to the soil 
are difficult to measure, especially the quantity of C allocated to mycorrhizal fungi. The lack of 
closure in the belowground C budget was likely caused by underestimated inputs of C 
belowground, making the estimates presented here conservative. 
Power analysis of Soil Carbon Pools 
 We performed a power analysis to evaluate our ability to detect an effect of elevated CO2 
on SOM levels. Was the observed lack of SOM change because the limited statistical power of 
the Duke FACE experiment failed to detect a real difference, or can we confidently conclude that 
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there was no real difference? We did a power analysis using established methods (Leakey et al. 
2006) to determine the level of SOM that we could detect as significantly higher than the 
ambient CO2 data in 2008 with 95% power. Using the statistical power of the entire time-series 
(i.e. using the LS-mean standard error from a repeated measures analysis) we had 95% power of 
detecting a 20% increase in A-horizon SOM. This corresponds to a rate of SOM increase of 35 
gC m
-2
 y
-1
, which is lower than the rate of SOM increase observed at the Oak Ridge National 
Laboratory FACE experiment (Jastrow et al. 2005), the only forest FACE experiment to observe 
an increase in SOM. Thus we are highly confident that we would have detected an actual SOM 
increase of ecological significance, if it existed. 
Statistical Analysis 
 The original publications from which some of the data were obtained used a range of 
statistical designs, often with covariates. We re-analyzed all of the data presented here using a 
common statistical approach that treated each plot as a replicate (n=3) in a randomized complete 
block design (RCBD), with blocks defined by initial measurements of potential soil N 
mineralization (Finzi et al. 2001). Blocks were treated as random variables. Analyses on data 
gathered after the N-fertilizer treatment began in 2005 were performed using a split-plot RCBD 
design. When temporal data were available, a repeated-measures RCBD was used with the 
covariance between years modeled in the first order auto-regressive framework. Given the small 
number of plots, we treated annually repeated measurements as replicates for the correlations 
involving soil N (Fig. 3.3a, Fig. 3.4). All analyses were performed using the MIXED and REG 
procedures of the SAS system (SAS 9.1, SAS Institute, Cary, NC, USA). The assumptions of 
homoskedasticity and normality of residuals were checked for all analyses using the 
UNIVARIATE and REG procedures.
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Table 3.1. Nitrogen budget for the Duke Free-Air CO2 
Enrichment experiment. Standing biomass N for 
ambient (A) and elevated (E) CO2 treatments in 2005. 
Values reflect the mean and SE of three replicates per 
treatment. Statistics included pretreatment (1996) 
values as a covariate. 
Component CO2 Standing N in 2005 
gN m
-2
 
(±SE) 
p-value 
Pine Needles A 8.0 (0.7) 0.03 
E 11.4 (1.8)  
Pine Wood A 27.1 (2.4) 0.04 
E 36.3 (6.7)  
Hardwood 
leaves 
A 1.3 (0.2) 0.25 
E 1.8 (0.3)  
Hardwood 
Wood 
A 3.5 (0.6) 0.08 
E 5.3 (1.8)  
Fine Roots A 3.0 (0.2) 0.21 
E 3.6 (0.3)  
Total A 41.6 (5.6) <0.01 
E 58.3 (5.8)  
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Figure 3.1. Belowground carbon budget for a warm-temperate forest exposed to elevated 
atmospheric CO2 at the Duke Free Air CO2 Enrichment (FACE) site. Units for pools are gC m
-2
; 
fluxes have units of gC m
-2
 y
-1
. Data were compiled across multiple years and largely reflect 
2003-2007. All terms were significantly different between ambient and elevated CO2 (ANOVA, 
randomized complete block design, p<0.05) with the exception of soil organic carbon (SOC). 
Repeated measures ANOVA was used when data from multiple years were available. Ambient 
CO2 is shown in blue while elevated CO2 is shown in red. Hetero R refers to heterotrophic 
respiration, while Root R is the sum of coarse and fine root respiration. 
73 
 
 
Figure 3.2. Ecosystem nitrogen fluxes at the Duke Free Air CO2 Enrichment (FACE) site. Open 
symbols refer to ambient CO2 while filled symbols refer to elevated CO2. Circles in (a) refer to 
soil N uptake and squares refer to N retranslocation before leaf abscission. Cumulative soil N 
uptake (b) was the running sum of soil N uptake values in (a). Values are the mean of three 
replicates; error bars reflect ±1SE.  
a 
b 
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Figure 3.3. Results of long-term free air CO2 enrichment (FACE) of a loblolly pine (Pinus taeda) forest. Open symbols and dashed 
lines refer to ambient CO2; filled symbols and solid lines refer to elevated CO2; triangles refer to N-fertilized subplots. (a) Total 
belowground carbon flux (TBCF) in relation to KCl-extractable mineral N in the mineral soil A horizon (0-15cm). Lines are of the 
form y=c+a*exp(-bx); a = 2012 and 1408, b = 3.61 and 3.56, c = 740 and 1163, and the total r
2 
 for the fitting procedure was 0.44. (b) 
Annual soil CO2 efflux from 1997-2007; error bars reflect ±1SE. (c) Soil N uptake per unit fine root production, corrected for pre-
treatment differences observed in 1996. (d) Total recovery of 
15
N label in pine wood, needles, and fine roots. Error bars reflect ±1SE; 
* indicates a significant difference at p<0.05. 
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Figure 3.4. Net Primary Production (NPP) at the Duke Free Air CO2 Enrichment (FACE) site 
from 1997-2005 in relation to total canopy nitrogen. Each symbol refers to a plot*year 
combination. Open symbols refer to plots fumigated with ambient CO2, while filled symbols 
refer to plots fumigated with elevated CO2. Elevated CO2 increased total canopy N content 
(ANOVA, p < 0.05) and increased NPP at a common canopy N content relative to ambient CO2 
(ANCOVA, significantly higher intercept, p < 0.01). 
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CHAPTER 4 
MECHANISMS OF AGE-RELATED CHANGES IN FOREST PRODUCTION: THE 
INFLUENCE OF PHYSIOLOGICAL AND SUCCESSIONAL CHANGES
1
 
 
ABSTRACT 
Net primary production (NPP) declines as forests age, but the causal role of decreased 
gross primary production (GPP) or increased autotrophic respiration (Ra) is still a matter of 
debate. This uncertainty complicates predicted responses to future climate, as higher atmospheric 
CO2 concentrations may amplify the C-sink in temperate forests if GPP controls the decline in 
NPP, but increased temperatures may decrease this C-sink if Ra controls the NPP decline. We 
quantified NPP in forests dominated by loblolly pine (Pinus taeda) in North Carolina, USA that 
varied from 14 to 115 years old. We used a sap-flow approach to quantify summer canopy 
photosynthesis by pines and later-successional hardwood trees, and measured wood CO2 efflux 
to investigate age-related changes in pine Ra. Despite increasing production by later-successional 
hardwoods, an 80% decline in pine NPP caused ecosystem NPP to decline by ~40%. The decline 
in pine NPP was explained by reduced stomatal conductance and photosynthesis, supporting the 
hypothesis that increasing hydraulic limitation and declining GPP drove the age-related decline 
of NPP in this species. The difference between GPP and NPP indicated that pine Ra also 
declined with age; this was corroborated by measurements of reduced stem CO2 efflux with 
increasing age. These results indicate that C cycling in these successional temperate forests is 
                                                          
1
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controlled by C input from GPP, and elements of global change that increase GPP may increase 
C uptake in aging warm-temperate pine forests.  
INTRODUCTION 
Predictions of future climate by coupled biosphere-atmosphere models are highly 
sensitive to assumptions regarding the responsiveness of terrestrial C-cycling to atmospheric 
CO2 and temperature (Dufresne et al. 2002; Friedlingstein et al. 2006; Meehl et al. 2007). 
Respiration is highly sensitive to increases in temperature, but only indirectly related to increases 
in atmospheric CO2 through its affect on growth (Davey et al. 2004; Leakey et al. 2009). In 
contrast, photosynthesis is highly sensitive to increases in atmospheric CO2 (Ainsworth & Long 
2005) but less sensitive to temperature than respiration (Atkin & Tjoelker 2003; Campbell et al. 
2007). Thus, the net response of ecosystem C cycling to the simultaneous increase in 
atmospheric CO2 and temperature expected in the future (Meehl et al. 2007) depends on whether 
respiration or photosynthesis is the primary mechanism controlling C cycling in terrestrial 
ecosystems.  
Aggrading temperate forests have been identified as a major sink for atmospheric CO2 
(Albani et al. 2001; Pacala et al. 2001), but the future of this sink is uncertain as most aging 
forests undergo a decline in Net Primary Production (NPP; reviews by Ryan et al. 1997a; 
Pregitzer & Euskirchen 2004; DeLucia et al. 2007). Two physiological hypotheses have been put 
forward to explain the age-related decline in NPP. The earliest hypothesis was that increasing 
autotrophic respiration (Ra) from accumulating woody biomass reduced the fraction of Gross 
Primary Productivity (GPP) available for NPP (Möller et al. 1954; Yoda et al. 1965; Kira & 
Shidea 1967; Whittaker & Woodwell 1967; Odum 1969). While one literature synthesis partially 
supports this claim (DeLucia et al. 2007), most recent research has been unable to detect an 
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increase in Ra of sufficient magnitude to explain the decline in NPP (Ryan & Waring 1992; 
Harrington and Fownes 1995; Ryan et al. 1996; Ryan et al. 1997b; Ryan et al. 2004). These 
observations lead to the second hypothesis; NPP declines because GPP declines in aging forests. 
The decline in GPP is presumably caused by reduced photosynthetic rates in older trees (Yoder 
et al. 1994; Hubbard et al. 1999) because of increasing hydraulic (Ryan et al. 2006) or nutrient 
(Gower et al. 1996) limitations. It is important to determine whether Ra or GPP controls the age-
related decline in NPP to predict the effect of global change on the C sink in aggrading forests. 
Despite the importance of this research to global change and its relation to foundational 
principles in ecosystem ecology (Odum 1969), there been few direct tests of the mechanism 
causing the age-related decline in NPP. Only one study has directly measured NPP and Ra in a 
forest undergoing a decline in NPP (GPP was estimated by the sum of NPP and Ra; Ryan et al. 
2004). This study indicated that a decline in GPP and a reallocation of C belowground explained 
the decline in NPP in aging Eucalyptus saligna plantations, but the trees were less than six-
years-old and natural colonization by other species was experimentally suppressed. Thus it is 
unclear whether these results can be generalized to other forests that undergo succession over 
longer timescales as the dominant trees age and NPP declines.  
We quantified NPP across a chronosequence of forests varying from 14 to 115 years old 
that exhibited substantial successional change in community composition. We then provided a 
direct test of the hydraulic limitation hypothesis (Ryan et al. 2006) by quantifying the age-related 
change in GPP (Schäfer et al. 2003). 
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METHODS 
Study Sites 
This study was performed in East-central North Carolina, USA. Forests in this region 
undergo a robust pattern of successional change, as early-successional Pinus spp. are replaced by 
later successional species such as Liquidambar styraciflua, Liriodendron tulipifera, Ulmus elata, 
Acer rubrum, Quercus spp., and Cayra spp. (Billings 1938; McQuilkin 1940; Oosting 1942; 
Bormann 1953; McDonald et al.2007). 
Twelve stands were identified within the Korstian and Durham divisions of the Duke 
Forest, located in Durham County, North Carolina, USA. Sites were chosen to have similar land 
use, initial stocking densities, management history, and soil types (J. Edeburn, personal 
communication), but the age of the loblolly pines (Pinus taeda L.) varied from 14 to 115 years, 
including the oldest loblolly pines present in this region. The age range of the forests included in 
this study capture two major processes that may impact ecosystem processes (1) potential age-
related changes in pine physiology and (2) changing community composition. The maximum 
distance between stands was 6km. All soils were heavily weathered, clay-rich Alfisol soils of the 
Helena series with low nitrogen and phosphorus availability (Schlesinger & Lichter 2001).  Site 
index, a proxy for soil quality (Avery & Burkhart 1983), was narrowly constrained between 84 
and 86 for loblolly pine, indicating that soil conditions were similar among sites. The Helena soil 
series was chosen for site selection because it closely matches the soil at the nearby Duke Free 
Air CO2 Enrichment (FACE) site (Hamilton et al. 2002), enabling comparisons between data 
presented here and the extensively measured, 26-year-old forest at the FACE site, ~5km to the 
West. 
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 A single large plot was established in each of the twelve forest stands and all stems >4cm 
diameter at breast height (dbh, 1.4m) were surveyed. Variable-radius-plot sampling, a standard 
forestry practice (Avery & Burkhart 1983), was used to survey a minimum of 150 trees as 
suggested by Harmon et al. (2007), so plot size increased as stem density decreased; all plots 
were 1000-2000m
2
.  
Production Estimates 
Net Primary Productivity is theoretically defined as the difference between GPP and Ra 
(Chapin et al. 2006). In practice, NPP is measured by the sum of biomass production 
components (Clark et al. 2001) because of the difficulties in measuring GPP and Ra directly. We 
operationally defined NPP as the sum of wood (including coarse roots), foliar, and fine root 
production. These components were chosen because wood and foliar production comprised 93% 
of total NPP at the Duke FACE site and fine root production was the next largest component 
(Hamilton et al. 2002). While our operational definition ignores some components of NPP such 
as leaf volatile emissions and root exudation (Clark et al. 2001), these fluxes are small in these 
forests (Hamilton et al. 2002; Phillips et al. 2008) and are unlikely to substantially affect 
estimates of ecosystem NPP. 
 The increment of C in wood, including coarse roots, was calculated by applying 
allometric regressions from the Duke FACE site (Naidu et al. 1998) to annual measurements of 
tree diameter, and scaling these values to ground area with the diameter distribution of all trees 
in the plot as described by Hamilton et al. (2002) and DeLucia et al. (2005). Regional allometric 
regressions were used for the hardwood species (Whittaker et al. 1974; Martin et al. 1998; Norby 
et al. 2001) because site-specific equations were not available. Annual diameter measurements 
were acquired from increment cores extracted from twenty loblolly pine trees in each dominance 
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class (suppressed and dominant) in each stand. Two cores were extracted from each tree such 
that the cores made a 90
o
 angle and the growth increments were averaged. Five individuals of all 
other tree species that comprised >2% of the total basal area in each stand also were cored using 
the same procedure. The cores were sanded, imaged using a flatbed scanner (Epson Perfection 
V700 Photo, Epson, Rockford, IL, USA) and ring widths were quantified using the Windendro 
program (Regent Instruments Inc, Nepean, Ontario, Canada). Wood production was calculated 
for the last five years of diameter growth increment and averaged for each tree. To scale 
hardwood production to the plot level, an allometry relating wood production to dbh was 
developed that included all hardwood species (Appendix II; log10(wood production in kg of dry 
matter) = -2.0741 + 1.9968*log10(dbh), r
2
=0.70, p<0.001). The slope and intercept of this 
relationship did not vary by species (ANCOVA p>0.5). 
  Estimating fine root production represents a significant challenge (Raich & Nadelhoffer 
1989; Majdi et al. 2005; Hendricks et al. 2006), but fine root production in these pine forests is 
low (Matamala & Schlesinger 2000; Hamilton et al. 2002), so errors estimating root production 
have a relatively small effect on NPP.  We quantified fine root production with a carbon flux 
model based on the mean residence time (MRT) of C in fine roots (Matamala et al. 2003).  Fine 
root biomass was measured from ten soil cores (5-cm diameter, 30-cm deep) sampled randomly 
from each stand in August 2008. Fine roots (<2mm diameter) were separated from soil, sorted by 
size, dried, weighed, and analyzed for C content as in Matamala & Schlesinger (2000).  The 
MRT for fine roots from Matamala et al. (2003) were multiplied by this fine root biomass 
measurement for each plot to estimate the rate of fine root production. We were not able to 
separate fine roots by species, so we were unable to separately apply the pine and sweetgum 
MRT’s to their respective pools of root C. We assumed that the proportion of hardwood fine 
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roots to pine fine roots was the same as the proportion of hardwood Leaf Area Index (LAI) to 
pine LAI (Vogt et al. 1987; Jackson et al.1997), and weighted the MRT’s accordingly. We 
investigated the magnitude of the uncertainty regarding the choice of root MRT’s by 
recalculating fine root production using the pine and sweetgum MRT’s alone (i.e. assuming 
100% pine fine roots or 100% hardwood fine roots).  
Foliar production was measured assuming leaf production was equal to litterfall at an 
annual time-step by collecting litter bi-monthly from ten 0.22 m
2
 litter traps per plot as in Finzi et 
al. (2001). Deciduous leaves and needles were separated, dried, ground, and analyzed for C 
content by micro-Dumas combustion (ECS 4010, Costech Analytical, Valencia, CA). Hardwood 
leaves were collected from 14 July 2007 to 17 March 2008. Compared to the long-term monthly 
litterfall collections at the Duke FACE site, these collections captured >90% of the annual total 
for deciduous leaves. Because loblolly pines hold their needles for ~18 months (Zhang & Allen 
1996), we collected pine needles from 14 July 2007 to 25 June 2009 and scaled the resulting data 
to an annual increment.  
Stem Volume and Surface Area 
The allometric equation used to relate pine diameter to biomass (Naidu et al. 1998) only 
includes trees up to 30cm dbh and we were not permitted to harvest larger individuals. To 
investigate potential bias regarding trees larger than 30cm dbh, we optically measured (Spiegel 
Relaskop, Forestry Suppliers, Jackson, MS) the stem volume and surface area of 41 pines that 
varied from 10 to 110 cm dbh. Briefly, we measured the diameter of the stem at a number of 
heights up the tree, and approximated the surface area and volume of each section as the fustrum 
of a cone. The measured stem volume was nearly identical to the stem volume predicted using 
the allometric equations for smaller trees (measured volume = 0.9903*predicted volume + 
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0.0198, r
2
=0.981, p<0.001; slope not significantly different than 1.0, p>0.8; data not shown). 
Given that the stem comprises ~90% of aboveground woody biomass in this species (Naidu et al. 
1998; Hamilton et al. 2002), we conclude that the allometry of Naidu et al. (1998) can be applied 
to loblolly pine trees larger than 30 cm dbh to accurately predict wood mass. 
Leaf area index (LAI) 
Leaf area index (LAI, m
2
 leaf area
 
m
-2
 ground area) was measured at 10 locations within 
each stand with a canopy analyzer (LAI 2000, Li-Cor, Lincoln, NE, USA) at approximately 
monthly intervals. Measurements of LAI were corrected for foliar clumping according to Chen 
(1996) using 10 hemispherical photographs per plot and the Hemiview computer program 
(version 2.1, Delta-T Devices, Cambridge, UK).  LAI was corrected for light interception by 
stems using the measurements of surface area described previously to calculate the woody area 
index for each plot; this index was subtracted from all measurements of LAI (Chen 1996). The 
relative contribution of pines and hardwoods to total LAI was estimated from the litter 
collections. Hardwood foliar mass was converted to leaf area using measurements of specific leaf 
area from the Duke Forest (Reich et al. 1999; DeLucia & Thomas 2000; Pataki & Oren 2003) 
after correcting for petiole mass. Pine LAI was estimated as the difference between summer 
maximum ecosystem LAI (optical method) and hardwood LAI (litterfall method). 
GPP 
To avoid the methodological concerns involved in calculating GPP as the sum of NPP 
and Ra, particularly issues related to scaling Ra to the stand level (Burton & Pregitzer 2002; 
Teskey & McGuire 2002; Davey et al. 2004; Zha et al. 2004; Davidson et al. 2006; Drake et al. 
2008), we estimated GPP directly using the canopy conductance approach of Schäfer et al. 
(2003) in five sites that capture the age-related change in NPP. This approach involves 
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calculating a canopy-weighted stomatal conductance from measurements of stem sap-flow 
(Ewers et al. 2001) for use in the following diffusion equation: Anet = Gc*ca(1-ci/ca); where Anet 
is net photosynthesis in μmol CO2 m
-2
 s
-1
, Gc is canopy-weighted stomatal conductance to CO2 in 
mol CO2 m
-2
 s
-1
, ca is the atmospheric carbon dioxide concentration (μmol/mol), and ci is the 
carbon dioxide concentration in the air space within leaves. The canopy conductance approach is 
particularly appropriate in these forests, as photosynthetic rates are strongly related to stomatal 
conductance, while ci/ca is relatively constant (Katul et al. 2000). Measurements were made 
between May and September of 2008. These months account for 62-66% of annual Gross 
Ecosystem Productivity of the young pine forest at Duke FACE and 62-67% of this flux in a 
nearby old hardwood forest as measured by the eddy-covariance (Stoy et al. 2008); thus 
measurement of canopy photosynthesis during these months captures much of the annual flux. 
To estimate annual GPP, measured canopy photosynthesis was multiplied by 1.36 assuming that 
we had measured 64% of annual canopy photosynthesis (Stoy et al. 2008). 
Environmental and structural measurements required for Gc 
A number of ancillary measurements were required to calculate Gc from stem sap flow. 
Atmospheric humidity and temperature were measured with a capacitive relative humidity sensor 
and a thermistor (Vaisala HMP 35C, Campbell Scientific, Logan, UT, USA) suspended in the 
upper third of the canopy in each stand, and vapor pressure deficit (D) was calculated from 
relative humidity and air temperature. Stem temperatures of three pines per plot were measured 
at 2 and 10-cm depth. Environmental measurements were sampled every 30 s and 1-hr averages 
were recorded with a datalogger (CR10x or CR1000, Campbell Scientific, Logan, UT). Incident 
photosynthetically active radiation (PAR) was measured at the Duke FACE site (Li-190, Li-cor 
Biosciences, Lincoln, NE). 
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Sapwood area was determined from cores extracted with an increment borer from 41 pine 
trees; two cores were taken per tree such that the cores were perpendicular. Sapwood area and 
heartwood area were differentiated by staining with a 10% ferric chloride solution (Kutscha & 
Sachs 1962). An equation was derived to predict sapwood area (cm
2
) from dbh (cm): sapwood 
area =18.24*dbh-258.05; r
2 
= 0.81, p < 0.001, n = 41. This equation was combined with the 
Relakop measurements (see above in Stem Volume and Surface Area) to derive an allometric 
relationship between dbh and total sapwood volume (sapwood volume (m
3
) = -0.044 + 
1.145/(1+exp(-(dbh-31.24)/7.055)), r
2
 = 0.86, p < 0.001, n=41) assuming that the relationship 
between dbh and sapwood depth did not vary with height (Pruyn et al. 2003). 
Measurement of canopy weighted stomatal conductance (Gc) 
Sap flux per unit sapwood area (Js, g m
-2
 s
-1
) was measured using the heat dissipation 
method (Granier 1987) in five stands of varying age (14, 19, 36, 71, and 97 years of age). We 
calculated the maximum temperature difference, which operationally defines conditions of zero 
sap flow, according to Oishi et al. (2008) to allow for nighttime transpiration (Fisher et al. 2007). 
Eight pines were measured per site and four individuals of the most common hardwood species 
were measured in the three older stands. Liriodendron tulipifera and Liquidambar styraciflua 
were measured in the 36 and 71-year-old stands, and Liquidambar styraciflua, Carpinus 
caroliniana, and Acer rubrum were measured in the 97-year-old stand. The two youngest stands 
did not have hardwoods of sufficient size to instrument with sap-flow probes; hardwoods 
contributed less than 3% of total basal area in these stands. Thus we assumed that the small 
individuals in the understory provided a negligible contribution to total canopy photosynthesis. 
To estimate radial and circumferential variation in Js (Phillips et al. 1996; Ewers & Oren 
2000; Wullschleger & King 2000), two trees of each species per plot were instrumented with 
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sap-flow probes on the North and South side at 0-20mm depth, and two trees of each species per 
plot were instrumented with probes at 0-20mm and 20-40mm depth.  There was no difference 
between Js measured on the north and south facing sides (paired t-test, p>0.1), so we did not 
apply circumferential corrections. We accounted for the decline in Js with increasing sapwood 
depth (26% for pines, 16% for hardwoods) as in Phillips et al. (1996) and Schäfer et al. (2002). 
Total sap flux in each plot (Et) was calculated by applying the mean hourly 
measurements of Js of each species to each individual in the plot, thus accounting for the 
distribution of sapwood depth in non-instrumented trees. Canopy transpiration (Ec: mmol m
-2
 s
-1
) 
was calculated as Et divided by plot area. The mean canopy stomatal conductance (Gs; mmol m
-2
 
s
-1
) was calculated as follows (Ewers et al. 2001): Gs = KG(T) · Ec / (D · LAIpine); where D is 
vapor pressure deficit and KG is the conductance coefficient that accounts for the temperature 
sensitivity of the psychrometric constant, latent heat of vaporization, air density, and air specific 
heat (115.8 + 0.4236T, kPa m
3
 kg
-1
).  To keep measurements errors below 10%, values for Gs 
were calculated only when D ≥ 0.6 kPa (Ewers & Oren 2000). 
Evaluation of Gc derived from sap-flow 
We investigated the ability of the sap-flow approach to reliably predict Gc by measuring 
light-saturated stomatal conductance of top canopy pine needles from 12 to 23 July 2008, in four 
stands where sap-flow was measured simultaneously and in three sites similar in age to the fifth 
site where sap-flow was measured. We were not allowed to sample in the 97-year-old stand, so 
we estimated light-saturated stomatal conductance in this stand as the average of measurements 
in stands of age 78-, 114-, and 115-years old. As these sites lacked canopy access through walk-
up towers or canopy cranes, we sampled canopy foliage with a 12-gauge shotgun with steel 5 
shot. To ensure that detached needles maintained physiological activity, we measured 
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photosynthesis on attached canopy needles using access towers at the Duke FACE site and 
determined that stomatal conductance was stable after cutting for >45 minutes when branches 
were sampled before 1pm (data not shown). We were unable to obtain reliable gas exchange 
measurements on detached hardwood leaves and thus only report pine gas exchange data. Eight 
to ten upper canopy branches were shot down in the midmorning through the early afternoon 
(1000 to 1300 EST); stomatal conductance was measured <10 minutes after harvesting with open 
gas exchange systems (Li 6400, LiCor Biosciences, Lincoln, NE) under saturating irradiance 
(1500 umol PAR m
-2
 s
-1
, 6400-02B red/blue light source, 2x3 cm chamber, LiCor Biosciences) 
and ambient CO2 (385 ppm). The needle area that was inside the chamber was isolated and 
photographed for the measurement of projected leaf area using the ImageJ program (Abramoff et 
al. 2004). The calculation of Gs implicitly assumes that leaf temperature was equal to air 
temperature. This assumption was corroborated by measurements of leaf temperature during 
these gas exchange measurements; leaf temperature was strongly correlated with air temperature 
with a slope not significantly different than 1.0 and an intercept not significantly different than 
zero (leaf temperature = 1.07*air temperature – 1.18, r2=0.87, p<0.001, n=71).  
ci/ca 
We used the stable C isotopic composition of wood as a measure of temporally integrated 
ci/ca (Farquhar et al. 1982; Katul et al. 2000; Dawson et al. 2002). The last five years of wood 
from the cores used to measure wood production was separated, dried, ground, and analyzed for 
δ13C at the University of Illinois using an elemental analyzer (ECS 4010, Costech Analytical, 
Valencia CA) coupled to a Conflo IV interface (Thermo, Bremen, Germany) and a Delta-V 
advantage isotope-ratio mass spectrometer (Thermo, Bremen, Germany). We analyzed eight 
pines at all 12 sites and 10 of each hardwood species for the five sites where sap-flow was 
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measured. The precision calculated from 12 samples run in duplicate was 0.09‰ and the average 
measured deviation of an in-house isotopic reference material was < 0.05‰ of its known value 
(n = 5). 
We estimated ci/ca from wood δ
13
C using the simple model of Farquhar et al. (1982) 
assuming atmospheric δ13C was -8‰ (Battle et al. 2000). We follow Katul et al. (2000) and 
Schäfer et al. (2003) and assume that this ci/ca value reflects the long-term light-saturated ci/ca. 
For light levels below 700 μmol m-2 s-1, we estimated ci/ca using the hybrid model of Katul et al. 
(2000). 
Wood Respiration 
We measured the respiration of trunk wood as an independent estimate of the age-related 
trajectory of pine Ra as inferred from the difference of pine GPP and NPP. We measured CO2 
efflux from eight pine tree trunks at six sites on 26 June and 10 July 2009, at 1.4-m height as in 
Moore et al. (2008) using a closed-path gas exchange system (Li 6400-09, LiCor Biosciences, 
Lincoln, NE). Measurements were performed at night (2000 – 0200 EST) during conditions of 
minimal sap-flow to minimize measurement bias associated with sap-transport of respired CO2 
(Teskey & McGuire 2002). While soil CO2 interferes with the measurement of wood respiration 
in some species (Teskey & McGuire 2002, Aubrey & Teskey 2009), recent research suggests 
that this artifact is not present in large conifer trees like those measured here (Ubierna et al. 
2009). Efflux rates are reported per unit sapwood volume and instantaneous rates were scaled to 
annual fluxes using the temperature sensitivity measured at the Duke FACE site (Q10 = 2.4; 
Hamilton et al. 2002) and measured stem temperatures.  
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Data analysis 
Statistical analyses were performed using the MIXED and REG procedures of the SAS 
system (SAS 9.1, SAS Institute, Cary, NC, USA). The assumptions of homoskedasticity and 
normality of residuals were checked for all analyses using the UNIVARIATE and REG 
procedures. Stands were treated as the unit of replication in all cases. We calculated the 
uncertainty of our pine wood production estimates with a Monte Carlo re-sampling technique, 
where the distribution of wood production by individual pine trees was defined as a poisson 
distribution derived from the observed variance at each site. We report the average standard 
deviation of 20 samples randomly obtained from this distribution, performed 100 times as 
outlined in Harmon et al. (2007). We calculated the uncertainty in our estimate of wood 
production by hardwoods by propagating the uncertainty in the production allometry (see above, 
Production Measurements). One thousand samples of the slope and intercept were drawn from a 
normal distribution defined by the mean and standard deviation of the observed regression; these 
parameters were then applied to every hardwood; we present the standard deviation of these 
1000 estimates. The standard deviation of fine-root and foliar production was scaled from sub-
replicates within each plot. The standard deviation of aggregate production terms (e.g. NPP) was 
estimated as in Harmon et al. (2007). 
 
RESULTS 
Stand Characteristics 
Site selection minimized the variation in stand structural attributes that was not age 
related. The average pine dbh increased linearly with age (y = 12.94 + 0.42x, r
2
 = 0.91, p < 
0.001), while canopy height increased as a power function (Fig. 4.1a; y = 3.65x
0.52
, r
2
 = 0.94, p < 
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0.001); there was little non-age related variation in these structural characteristics. There was 
considerable change in community composition with increasing age. The Simpsons diversity 
index increased from 2 in the youngest forests to 6 in the ~115 year old stands (Fig. 4.1b; y = -
4597 + 4594x
0.0004
, r
2
 = 0.65, p < 0.01), reflecting colonization by a suite of hardwood species, 
notably Liquidambar styraciflua, Acer rubrum, Liriodendron tulipifera, Cayra spp., and Quercus 
alba. Loblolly pine was by far the most numerous species in the youngest stands, but their 
density decreased early in stand development (Fig. 4.1c; y = 106 + 1925*exp(-0.0346x), r
2
 = 
0.83, p < 0.001). At the same time, the number of small understory hardwood individuals 
increased in abundance (Fig. 4.1c, 20-40 years; y = -0.27x
2
 + 34.67x + 91.55, r
2
 = 0.71, p < 
0.01). Later in development, from 80-90 years of age, the abundance of hardwoods decreased, 
presumably because of competition for canopy access. The oldest sites had a mixed canopy of a 
few, large pines and many medium to large hardwoods trees. The stands fell along the ―-3/2 
curve‖ (Fig. 4.1d; y = 3.6*107*x-1.7, r2 = 0.9, p < 0.01; Weller 1987; Zeide 1987), indicating that 
these stands were undergoing the natural process of self-thinning. 
 Maximum summer LAI at the ecosystem scale was 4-5 and was nearly constant with age 
(Fig. 4.2). The components of LAI, however, changed markedly. Hardwood LAI increased from 
15 to 40 years, declined from 40 to 80 years, and then increased up to 115 years, mirroring the 
changes in stem density (Fig. 4.2; y = -2.3 + 0.23x -0.0036x
2 
+1.7*10
-5
x
3
, r
2
 = 0.73, p < 0.01). 
Pine LAI followed the opposite pattern (Fig 4.2; y = 6.66 – 0.19x + 0.0029x2 – 1.3*10-5x3, r2 = 
0.78, p < 0.01). Pine LAI comprised nearly 100% of the total in the youngest forests, but the 
canopy in stands of 40-115 years of age was comprised of roughly equal amounts of pine and 
hardwood foliage.  
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Net Primary Production (NPP) 
 Total NPP declined strongly with increasing age early in development (Fig. 4.3a), from 
961 gC m
-2
 y
-1
 in the youngest forest to ~500 gC m
-2
 y
-1
 in forests from 50-115 years of age (y= 
491.3 + 2722.9*exp(-0.12x), r
2 
= 0.9, p < 0.001). This decline was exclusively driven by a 
decline in pine production (y = 252.1 + 2590.5*exp(-0.094x), r
2 
= 0.94, p < 0.001), and partially 
alleviated by increasing hardwood production (Fig. 4.3a; y = -13.04 + 173.37/(1+exp(-(x-
24.42)/6.21)), r
2 
= 0.88, p < 0.001). The decline in pine NPP was largely driven by an 83% 
decline in pine wood production (Fig. 4.3b; y = 114 + 2529.1*exp(-0.098x), r
2
 = 0.95, p < 
0.001), but a small decline in pine needle production (Fig. 4.3c) also was observed (y = 177.5 – 
0.45x, r
2 
= 0.42, p < 0.05). Hardwood wood (Fig. 4.3b; -1.96 + 80.18/(1+exp(-(x-30.84)/7.31)), r
2 
= 0.91, p < 0.001) and foliar production (Fig. 4.3c; y = -101 + 9.48x – 0.15x2 + 9.48x3, r2 = 0.86, 
p < 0.001) increased in equal proportions. Fine root production was low in all of the sites, 
although the proportion of NPP contributed by fine roots increased with age (Fig. 4.3d; y = 29 + 
0.52x, r
2 
= 0.66, p < 0.001). Fine root production was 2% of total NPP in the youngest forest and 
19% of total NPP in the oldest forest. 
Canopy Conductance, Photosynthesis, GPP, and Ra 
Canopy-weighted stomatal conductance for pines and hardwoods corresponded with 
precipitation throughout the measurement period (Fig. 4.4a,b). Daily average pine canopy 
conductance declined with age, while hardwood conductance increased. Averaged across the 
entire measurement period, pine conductance was 0.037, 0.050, 0.039, 0.027, and 0.020 mol CO2 
m
-2
 s
-1
 in the stands of 14, 19, 36, 71, and 97 years of age, respectively; hardwood conductance 
was 0.024, 0.061, and 0.074 mol CO2 m
-2
 s
-1
 in the stands of 36, 71, and 97 years of age, 
respectively. Canopy weighted conductance for pine was highly correlated with conductance 
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measured by gas exchange (Fig. 4.4c, gas exchange gs = 1.18*sap-flow Gs + 0.01, r
2
 = 0.94, p < 
0.001). Conductance from gas-exchange was significantly higher than the sap-flow 
measurements, but this was expected; we measured gas exchange on top canopy sun leaves that 
typically have the highest levels of conductance, while the sap-flow method integrates over the 
entire canopy and includes shade foliage with lower conductance (Harley et al. 1996; McDowell 
et al. 2002; Ambrose et al. 2009; Mullin et al. 2009). We conclude that the sap-flow method 
produced reliable estimates of canopy weighted stomatal conductance. 
 Pine wood δ13C increased with age from -28‰ at 15 years of age to -26.5‰ at 115 years 
of age (Fig. 5a; y = -27.29 + 0.0125x, r
2
 = 0.45, p < 0.05). This corresponds to a decline in ci/ca 
with age, from 0.65 at age 15 to 0.58 at age 115 (Fig. 5b; y = 0.65 – 0.0005x, r2 = 0.45, p < 0.05). 
Hardwood δ13C did not vary with age or canopy position (data not shown); the average isotopic 
composition was -31.89‰, corresponding to a ci/ca of 0.82. 
Canopy photosynthesis mirrored the age-related change in conductance (Fig. 6a); pine 
photosynthesis declined after 19 years (y = 1472.5 – 10.3x, r2 = 0.93, p < 0.01), while hardwood 
photosynthesis increased (y = 11.8x – 413.6, r2 = 0.96, p = 0.08). The decline in pine 
photosynthesis decreased total stand photosynthesis through 71 years of age, but increasing 
hardwood photosynthesis in the 97 year-old stand caused stand photosynthesis to be equivalent 
in the youngest and oldest forests. 
 As the decline in ecosystem NPP was driven by the pines, we focused on the pine C 
fluxes. GPP, NPP, and Ra decreased with age when the measured pine canopy photosynthesis 
was scaled to an annual flux (Fig. 6b; pine GPP = 2337 – 16.3*age, r2 = 0.93, p < 0.01). The 
decline in Ra (calculated as the difference between GPP and NPP) was corroborated by a decline 
in annual sapwood respiration. The tissue-specific rate of sapwood respiration declined with age 
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(Fig. 4.7a; y = 51.37 – 0.256x, r2 = 0.86, p < 0.01) as is frequently reported (Yoda 1967; Carey et 
al. 1997; Pruyn et al. 2002a,b) and measured rates in young forests corresponded well with 
measurements from the Duke FACE site (Hamilton et al. 2002). This decline in the tissue-
specific respiration rate overwhelmed the age-related increase in sapwood volume. Stand-level 
sapwood respiration declined after 40 years of age (Fig. 4.7b; y = 161.4 + 0.903x – 0.0136x2, r2 
= 0.45, p < 0.05), which corresponds well with the timing of the decline in Ra as calculated by 
the difference between GPP and NPP (Fig. 4.6b). 
 
DISCUSSION 
Two major mechanisms affected C cycling of aging loblolly pine forests; (1) an age-
related reduction in pine GPP and a corresponding decrease in pine NPP, and (2) an increase in 
production by hardwood trees during secondary succession that partially alleviated the decline in 
ecosystem-level NPP. In contrast to the ―respiration hypothesis‖ (Möller et al. 1954; Yoda et al. 
1965; Kira & Shidea 1967; Whittaker & Woodwell 1967; Odum 1969), declining GPP rather 
than increasing Ra caused NPP to decline as pines aged. Sapwood respiration, a major 
component of Ra, also declined with age. The decrease in pine GPP was driven by the age-
related decrease in canopy conductance, supporting the hydraulic limitation hypothesis of Ryan 
et al. (2006). The age-related decline in pine NPP was partially offset by the increase in 
production of hardwoods, highlighting the importance of successional changes in community 
composition on forest carbon cycling.  
 The chronosequence approach employed in this research involves two fundamental 
assumptions: (1) site selection minimized non-age related differences between plots, and (2) all 
plots would recreate the trajectory of change inferred from the chronosequence if measurements 
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were repeated over time. Recently, Johnson & Miyanishi (2008) questioned the validity of these 
assumptions in several classic studies of succession. Regarding the first assumption, the high 
coefficients of determination (>0.9) reported for variables (e.g. canopy height, dbh, production 
terms) regressed against age suggest that our selection of sites indeed minimized non-age related 
differences between plots. The second assumption is inherently more difficult to address, and a 
direct test would necessitate the hundreds of years of measurements that the chronosequence 
approach was designed to avoid. However, the assumption was supported by substantial overlap 
among sites in tree core-derived timelines of pine wood production, suggesting a common 
trajectory of wood production across all sites: wood production increased linearly up to a peak at 
~15 years, followed by a strong negative exponential decline up to ~50 years (Appendix III). 
While we recognize that chance events regarding dispersal and disturbance may alter the 
trajectory of succession in these forests (e.g. the species composition of colonizing hardwood 
trees; Turner et al. 1998; Clark et al. 2004; Dietze & Clark 2008), we conclude that these sites 
offer a valid space-for-time substitution regarding the age-related change in production. 
The canopy conductance approach provided reasonable estimates of GPP and may 
provide a powerful method of obtaining independent estimates of canopy photosynthesis. The 
value of GPP in the 19-year old stand estimated by the canopy conductance approach (2109 gC 
m
-2
 y
-1
) was similar to values for the 20 year-old ambient CO2 plots in the Duke FACE forest 
made by the summation of NPP and Ra (2371 gC m
-2
 y
-1
; Hamilton et al. 2002) and using a sap-
flow derived model similar to the method used here (2139 gC m
-2
 y
-1
; average of 1999 and 2000 
for pines; Schäfer et al. 2003). We assumed a fixed CO2 concentration of 385 μmol/mol, as 
turbulent mixing within the rough canopy of these forests produce a stable profile of CO2 
concentration within the canopy during most daylight hours (Katul et al. 1999). We also assumed 
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that variation in photosynthesis through the canopy would be integrated in the δ13C values of 
wood and canopy-averaged conductance as measured by sap-flow. The correspondence between 
our estimate and these independent estimates of GPP suggests that these simplifying 
assumptions were adequately met at an annual time-step. 
 It appears that increasing photosynthesis by later-successional hardwoods may have 
sustained relatively high rates of GPP in the old forest stands. However, the use of the sap-flow 
method to estimate hardwood GPP is potentially problematic, as some of the assumptions that 
work for pines may not be appropriate for broadleaved trees. In particular, we assumed that leaf 
temperature was equal to air temperature; this is generally true for thin-needled conifers that are 
highly coupled with the atmosphere (Katul et al. 1997) and was supported by our direct 
measurements, but the increased boundary layer and thermal absorbing surface of broadleaves 
often leads to higher leaf temperatures relative to air temperature (Leuzinger & Korner 2007; 
Helliker & Richter 2008). If actual hardwood leaf temperatures were systematically higher than 
measured air temperature we would have overestimated photosynthesis. Thus, while the age-
related increase of hardwood photosynthetic is likely robust as it follows the increase in 
hardwood LAI (Fig. 4.2), the absolute magnitude of these estimates should be interpreted with 
caution. 
The principal role of photosynthesis as a driver of age-related changes in the C cycles of 
these forests suggests that increasing concentration of atmospheric CO2 may have a more 
prominent role in controlling the C sink-strength of these forests than increasing temperature. 
This is opposite of the suggestion of Valentini et al. (2000), who found that ecosystem 
respiration was the main determinant of annual C uptake across a network of forest eddy-
covariance sites in Europe. However, a reanalysis of the same forests suggested that respiration 
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was largely a function of productivity, and thus net annual C storage was largely a function of 
gross C uptake (Janssens et al.2001). In the future, a physiological ecosystem model 
incorporating the mechanisms of hydraulic limitation and secondary succession could be used to 
examine the trajectory of C storage in successional forests under different scenarios of global 
change. 
The suggestion that elevated CO2 may increase forest C sequestration by increasing GPP 
also conflicts with the current generation of coupled global circulation models (Friedlingstein et 
al. 2006; Denman et al. 2007). These models predict a large transfer of C from ecosystems to the 
atmosphere by temperature induced increases in heterotrophic and autotrophic respiration that 
outweigh the CO2 fertilization of GPP, while the results presented here would suggest the 
opposite should be true. We suggest that this apparent disparity exists because the current work 
did not address the eventual fate of the extra C predicted to enter these forests from CO2 
fertilization. All of the models in Denman et al. (2007) exhibit an increasing soil carbon turnover 
rate even in the absence of climate change, as the size of decomposing pools increase with no 
change in their turnover rates. A similar phenomenon of faster C cycling through ecosystems 
exposed to artificially elevated CO2 has also been observed (Jackson et al. 2009; Lukac et al. 
2009; see Chapter 3). Thus, while the results of this study suggest that elevated CO2 would 
stimulate GPP and NPP of aging successional warm-temperate forests, the implications for long-
term C storage are still uncertain, as a stimulation of GPP and NPP may simply increase the rate 
at which C cycles through the ecosystem. 
104 
 
Stand age (years)
20 40 60 80 100
A
v
e
ra
g
e
 p
in
e
 d
b
h
 (
c
m
)
a
n
d
 c
a
n
o
p
y
 h
e
ig
h
t 
(m
)
0
10
20
30
40
50
60
70
height
dbh
Stand age (years)
20 40 60 80 100
S
te
m
 d
e
n
s
ity
 (#
/h
a
)
0
200
400
600
800
1000
1200
1400
1600
Pines         
Hardwoods
Stand age (years)
20 40 60 80 100
S
im
p
s
o
n
s
 d
iv
e
rs
it
y
 i
n
d
e
x
0
1
2
3
4
5
6
7
Total stem density (#/ha)
800 1200 1600 2000 2400
A
v
e
ra
g
e
 tre
e
 s
iz
e
 (k
g
/tre
e
)0
100
200
300
400
500
600
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Characteristics of the twelve forest stands that vary in age in East-central North 
Carolina. Average canopy height and diameter at breast height of dominant loblolly pine (Pinus 
taeda) trees (a); error bars reflect ±1SD. Simpson’s diversity index (b), and stem density of pines 
(solid circles) and hardwoods (open circles) (c) with increasing age. The relationship between 
average tree size and stem density (d) shows that all stands fall near the ―-3/2 thinning curve.‖ 
b a 
c d 
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Figure 4.2. Leaf area index (LAI) of twelve forest stands that vary in age corrected for woody 
interception and foliar clumping (see methods). Total ecosystem LAI (filled circles) was 
measured optically, hardwood LAI (filled triangles) was estimated from litter collections, and 
pine LAI (open circles) was estimated by difference. Error bars reflect ±1SD. 
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Figure 4.3. Net primary production (NPP) and its components in twelve forest stands that vary 
in age. Total NPP (a) was the sum of wood (b), foliar (c), and fine root (d) production. The data 
in (d) were calculated assuming that the ratio of pine to hardwood fine root biomass followed the 
ratio of LAI; dotted lines represent the maximum uncertainty related to the timescale of fine root 
turnover. The lower dashed line represents the estimate of fine root production assuming all roots 
were pine and thus had a long mean residence time, while the upper dashed line represents the 
estimate assuming all roots belong to Liquidambar styraciflua and thus had a short mean 
residence time. Error bars reflect ±1SD. 
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Figure 4.4. Canopy-weighted stomatal conductance for CO2 (Gc) of loblolly pine (a) and 
hardwood trees (b) in forest stands of varying age derived from sap-flow measurements. 
Symbols refer to daily daytime averages. Canopy-weighted stomatal conductance for H2O (Gs) 
was compared to stomatal conductance measured on top canopy pine needles (gs) in July (c). 
Error bars reflect ±1SE, and the 1:1 line is shown for reference. 
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Figure 4.5. Pine wood carbon isotopic composition and corresponding time-integrated ci/ca 
values; ci refers to the [CO2] inside needle airspaces, while ca refers to atmospheric [CO2]. Wood 
δ13C (a) was used to calculate ci/ca (b) according to the simple model of Farquhar et al. 1982. 
Error bars reflect ±1SE. 
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Figure 4.6. Summer canopy photosynthesis and pine C fluxes for forest stands of varying age. 
Canopy photosynthesis during the measurement period (a) was scaled to annual estimates of 
Gross Primary Production (GPP) by loblolly pines (b). The Net Primary Production (NPP) 
values are replotted from Fig. 3a. Autotrophic respiration (Ra) was calculated as the difference 
between GPP and NPP. 
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Figure 4.7. Stem sapwood respiration in loblolly pine forest stands of varying age. The 
instantaneous tissue-specific rate of respiration at 25
o
C (a) by pines in the chronosequence are 
shown as filled circles; measurements from the Duke Free Air CO2 Enrichment site are shown as 
the open symbol for reference (Hamilton et al. 2002). Error bars reflect ±1SE. The tissue-
specific respiration rates were scaled to annual fluxes (b); the regression in (a) was interpolated 
to predict the tissue-specific rate at sites where it was not measured directly. 
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CHAPTER 5 
AGE-RELATED HYDRAULIC LIMITATION OF PHOTOSYNTHESIS BY LOBLOLLY 
PINE (Pinus taeda) TREES
1
 
ABSTRACT 
The decline in net primary production (NPP) with forest age often is attributed to a 
corresponding decline in the rate of carbon acquisition or gross primary production (GPP). We 
tested two mechanistic hypotheses explaining the decline in GPP in aging stands of loblolly pine 
(Pinus taeda L.) : (1) increasing N limitation increasingly limits photosynthetic capacity and thus 
decreases GPP with increasing age, and (2) hydraulic limitations increasingly induces stomatal 
closure and thus decreases GPP with increasing age. We tested predictions derived from these 
hypotheses using measurements of foliar nitrogen, photosynthetic gas exchange, chlorophyll 
fluorescence, sap-flow, and dendroclimatological techniques. None of the predictions derived 
from hypothesis (1) were supported; foliar N retranslocation did not increase and we did not 
observe declines in foliar N, leaf area per tree, or photosynthetic capacity as measured by the 
maximum rate of carboxylation (Vc,max) and the maximum rate of electron transport (Jmax). All 
but one of the predictions derived from hypothesis (2) were supported; light saturated 
photosynthesis declined, leaf- and canopy-level stomatal conductance declined, the concentration 
of CO2 inside leaf airspaces declined, stomatal limitation increased, specific leaf area decreased, 
and the ratio of sapwood area to leaf area increased. The sensitivity of radial growth to 
interannual variation in temperature and drought decreased with age, the opposite of predicted 
                                                          
1
 This chapter was submitted to Plant, Cell & Environment in March, 2010. 
 
Author contributions: the research was designed by John E. Drake, Sarah C. Davis, and Evan H. DeLucia. Lisa M. 
Raetz and John E. Drake collected sap-flow data; John E. Drake, Sarah C. Davis, and Lisa M. Raetz collected gas 
exchange data; John E. Drake performed all other research. The paper was written by John E. Drake while being 
advised by Evan H. DeLucia. 
124 
 
based on hypothesis (2), but this was consistent with sap-flow results demonstrating less 
sensitivity of stomatal conductance to increasing vapor pressure deficit with increasing age. We 
conclude that hydraulic limitation increasingly limits the photosynthetic rates of aging loblolly 
pine trees, possibly explaining the observed reduction of NPP. 
 
INTRODUCTION 
Net primary production (NPP) is the ultimate source of energy for all food webs and the starting 
point for ecosystem services that make human life possible. Thus, considerable scientific 
attention has been directed to quantifying NPP at a number of scales (Ollinger et al. 1998, Field 
et al. 1998, Huston & Wolverton 2009) and determining the biotic and abiotic controls over this 
important flux (Hamilton et al. 2002, Richardson et al. 2007, McCarthy et al. 2009). Forests 
comprise one quarter of global NPP (Field et al. 1998), which corresponds to a flux of C more 
than four times the rate of anthropogenic emissions (Denman et al. 2007). Thus, forest 
production is a large and important component of global C cycling. 
 A decline in forest NPP with increasing age is one of the most common observations in 
production ecology (reviews by Ryan et al. 1997, Pregitzer & Euskirchen 2004, DeLucia et al. 
2007). However, the mechanism causing the age-related decline in NPP is still a matter of 
debate. The initial hypothesis that increasing autotrophic respiration (Ra) from non-
photosynthetic biomass causes a decreasing fraction of GPP to be available for NPP with age 
(Moller et al. 1954, Yoda et al. 1965, Kira & Shidea 1967, Whittaker & Woodwell 1967, Odum 
1969) has not been supported (Ryan & Waring 1992, Harrington & Fownes 1995, Ryan et al. 
1996, Ryan et al. 1997, Ryan et al. 2004). This lead to research into how the decline in NPP 
could be driven by a decline in GPP because of increasing hydraulic (Ryan et al. 2006) or 
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nutrient (Gower et al. 1996) limitations to photosynthesis. Hydraulic limitation of photosynthesis 
is thought to increase with tree age and as it becomes increasingly difficult to transport water to 
the leaves of old, tall trees, causing stomata to close to avoid cavitation (Ryan et al. 2006). 
Nitrogen limitation may also increase with forest age if the immobilization of soil N in woody 
biomass causes a reduction of available nutrient pools sufficient to cause a reduction in foliar 
area or photosynthetic capacity (Luo et al. 2004; Johnson 2006). 
We previously demonstrated that NPP declines strongly with age in loblolly pine (Pinus 
taeda L.) forests, driven exclusively by an 80% decline in pine wood production (see Chapter 4; 
Drake et al. submitted). Sap flow-derived estimates of GPP and measurements of stem 
respiration indicated that the decline in pine NPP was driven by a decline in pine GPP, not an 
increase in Ra (see Chapter 4, Drake et al. submitted).  
Here, we tested two hypotheses regarding an age-related decline in GPP: (1) increasing N 
limitation increasingly limits photosynthetic capacity and thus decreases GPP with increasing 
age, and (2) increasing hydraulic limitation increasingly induces stomatal closure and thus 
decreases GPP with increasing age. If hypothesis (1) was true, we expected to observe declining 
foliar N%, declining leaf area per tree, increased translocation of N before leaf abscission, and 
declining photosynthetic capacity as defined by the maximum rate of carboxylation (Vc,max) and 
the maximum rate of electron transport (Jmax; Long & Bernacchi 2003). If hypothesis (2) was 
true, then we expected to observe declines in stomatal conductance, reduced specific leaf area 
(SLA) driven by reduced turgor-induced cellular expansion, decreased concentrations of CO2 
inside leaves (ci) relative to the CO2 concentrations in the atmosphere around leaves (ca), reduced 
canopy conductance, and compensation of hydraulic limitation through an increasing ratio of 
sapwood area to leaf area. Many of these predictions were tested with leaf-level gas exchange 
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and stem sap-flow measurements. Measurements of chlorophyll fluorescence were performed to 
investigate damage to the photosynthetic machinery that may occur with dramatic reductions in 
GPP and increased photo protection or damage (Ort 2001). We also used a dendroclimatological 
approach to investigate correlations between radial growth and climate, with the prediction that 
increased hydraulic limitation would make radial growth more strongly correlated with 
interannual variation in temperature and drought with increasing age. 
 
METHODS 
Study Sites 
We identified a chronosequence of twelve forest stands that were similar in all respects except 
the age of the dominant loblolly pine (Pinus taeda) trees. All sites were within the Korstian and 
Durham divisions of the Duke Forest, located in Durham County, North Carolina, USA (centered 
near 36
o
00’ N 78o58’W). Sites were chosen to have similar land use, initial stocking densities, 
management history, and soil types (J. Edeburn, personal communication), but the age of the 
pines varied from 14 to 115 years, including the oldest loblolly pines present in this region. The 
Helena soil series was chosen for site selection because it closely matches the soil at the nearby 
Duke Free Air CO2 Enrichment (FACE) site (Hamilton et al. 2002), enabling comparisons 
between data presented here and this 26 year old forest that lies ~5km to the West. The 
maximum distance between stands was 6km. Detailed descriptions of the site selection criteria, 
stand characteristics, and production measurements are provided in Drake et al. (submitted) and 
Chapter 4. 
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Gas exchange  
Gas exchange measurements were performed with cross-calibrated, open gas exchange systems 
(Model 6400, LiCor Biosciences, Lincoln, NE) under saturating irradiance (1500 μmol PAR m-2 
s
-1
, 6400-02B red/blue light source, 2x3 cm chamber, LiCor Biosciences). The midpoint of three 
fascicles (i.e. 9 needles) were enclosed in the chamber; leaks formed by clamping the flat 
chamber gaskets onto irregular needle surfaces were sealed with Permagum® and each sample 
was verified to be leak tight by exhaling on the chamber. Relationships between net 
photosynthesis (Anet) and the CO2 partial pressure (ci) inside needle airspaces (i.e. A:ci curves) 
were measured by recording Anet at the following ambient concentrations of CO2 (ca) in the 
reference cell of the gas exchange system: 400, 250, 150, 50, 400, 550, 750, 1000, 1200, 1400, 
and 1800 ppm. All A:ci curves were analyzed using the PS-fit program (version 7.3, Bernacchi et 
al. 2002; Bernacchi et al. 2003; Long & Bernacchi, 2003). Parameters derived from this fitting 
procedure were reported at 25
o
C.  
Loblolly pine trees carry needles for 18 months (Zhang & Allen, 1996) and thus have 
cohorts of needles that were produced in the current year and the previous year. The previous 
year’s foliage was measured in all cases, as these needles were more likely to have experienced 
conditions of water stress and would be more likely to display evidence of hydraulic limitation. 
Additionally, old needle cohorts often maintain similar photosynthetic activity relative to new 
foliage (Greenway et al., 1992; Crous & Ellsworth 2004) and thus contribute substantially to 
whole stand photosynthesis. 
As these sites lacked canopy access, we sampled canopy foliage with a shotgun (Liu et 
al. 1997; Thomas et al., 2008). To investigate potential artifacts of measuring gas exchange on 
detached branches, especially the possibility of artificially reduced stomatal conductance (gs), we 
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conducted two experiments using the canopy access towers at the Duke FACE site where gas 
exchange of attached and detached branches was compared; trees at this site averaged 22cm dbh 
and 20m tall in 2008. (1) Needles were placed in gas-exchange chambers while maintaining the 
connection to the branch and until light-saturated photosynthesis (Asat) reached steady state, after 
which the branch was destructively detached from the tree; Asat was measured every minute over 
the next hour. We performed these measurements throughout the course of two days to identify 
the optimal time of sampling. (2) A:ci curves were measured on attached needles in the mid-
morning; the branch was then destructively sampled and a second A:ci curve was measured after 
a 10-minute waiting period. Five pairs of A:ci curves were measured in this manner to 
investigate the potential bias of branch sampling on gas-exchange measurements. 
Having confirmed the efficacy of shotgun sampling (see Results), 8-10 upper canopy 
branches were shot down from 9 of the 12 sites in the midmorning through the early afternoon 
(1000 to 1300 EST). Three sites were excluded because their proximity to roads or public 
dwellings made shotgun sampling prohibitively dangerous. Gas exchange was measured 
immediately following shotgun sampling. One site was measured per day from July 12
th
 to July 
23
rd
, 2008. We controlled the block temperature of the gas exchange systems at 30
o
C at all sites; 
average leaf temperature was between 29.9 to 32
o
C and did not vary significantly with age 
(regression, p > 0.1). We did not control water vapor pressure in the cuvette which varied 
between 1.29 to 1.99 kPa but did not vary systematically with stand age (regression, p > 0.1). 
These results indicate that day-to-day variation in climate conditions was small. The needle area 
that was inside the chamber was isolated, photographed for the measurement of projected leaf 
area using the ImageJ program (Abramoff et al. 2004), dried for 2 days at 60
o
C, ground, and 
analyzed for carbon and nitrogen concentrations using micro-Dumas combustion elemental 
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analysis (ECS 4010, Costech Analytical, Valencia, CA). Gas exchange rates were reported on a 
projected area basis, and specific leaf area (SLA) was measured as projected needle area per g 
dry mass (cm
2
/g).  
Chlorophyll fluorescence 
Chlorophyll fluorescence was measured using a pulse modulated fluorometer (PAM-2000 with 
leaf-clip 2030-B, Walz, Eichenring, Germany) on a group of needles adjacent to the needles used 
for gas exchange after 60 minutes of dark acclimation following the A:ci curve measurements. 
Initial fluorescence (F0) was determined using measuring light pulses of 0.1 μmol photons m
-2
 s
-
1
. Dark-adapted maximal fluorescence (Fm) was then measured following a saturating pulse 
(~6000 μmol m-2 s-1), and the maximum quantum efficiency of photosystem-II photochemistry 
(dark-adapted Fv/Fm) was calculated as (Fm-F0)/Fm (Baker 2008).  
Non-stressed, healthy leaves have dark-adapted Fv/Fm values of ~0.8 (Bjorkman & 
Demmig 1987), reflecting the consistent nature of the maximum quantum yield of CO2 uptake 
(Long et al. 1993). Reductions in dark-adapted Fv/Fm below 0.8 are reflective of photoinhibition 
or photo-damage of the photosynthetic apparatus (Dias & Marenco, 2006) or of the engagement 
of photoprotective mechanisms (Ort 2001). A quenching analysis was then performed as in 
Myers et al. (1999) by illuminating the needles with 200 μmol photons m-2 s-1 (the maximum 
possible with the integrated LED light source) and measuring fluorescence following saturating 
light pulses (Fm’) every 20 seconds. Quantum yield was calculated as (Fm’-Ft)/Fm’ (Genty et al. 
1989) where Ft is the fluorescence rate just preceding the saturating light pulses. Non-
photochemical quenching (NPQ) was calculated as Fm/Fm’ – 1 (Baker 2008). 
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Nitrogen translocation and Leaf Area 
Fresh litterfall was collected from ten 0.22 m
2
 litter traps per plot three days after the traps were 
emptied to ensure that the collected litter had not experienced precipitation. Percent N 
retranslocation was calculated as (Nfresh – Nlitter)/Nfresh as in Finzi et al. (2001), where Nfresh was 
the N concentration in fresh needles obtained by shotgun and Nlitter was the N concentration in 
freshly abscised needle litterfall. 
 In addition to affecting foliar N concentrations, increasing N limitation has the potential 
to reduce the leaf area of individual trees (Ryan et al. 2004). Pine LAI at the ecosystem level 
declined from 4.1 to 2.2 m
2
/m
2
 at ages 15 and 115, respectively, but total ecosystem LAI 
remained constant at ~4.5 for all ages because of the accumulation of later successional 
hardwood foliage (see Chapter 4; Drake et al. submitted). To distinguish whether increasing N 
limitation reduced the leaf area supported by each individual tree, or if pine LAI declined 
because self-thinning reduced pine stem density, we quantified pine leaf area per individual by 
dividing summer pine LAI by stem density and compared these values to those predicted by an 
equation relating dbh to leaf area derived from destructive sampling at the Duke FACE site 
(Naidu et al. 1998). 
Sap-flow 
We instrumented 8 pine trees in 5 of the 12 stands (14, 19, 36, 70, and 97 years of age) with 
thermal-dissipation sap-flow probes (Granier 1987). We estimated radial and circumferential 
variation in Js (Phillips et al. 1996; Ewers & Oren 2000; Wullschleger & King 2000) with 
additional measurements on the north and south side (0-20mm depth) and at 20-40mm depth 
(north side) on two pines per stand.  There was no difference between Js measured in the outer 
20mm on the north and south facing sides (p > 0.1), so we did not apply circumferential 
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corrections. We accounted for a measured decline in Js with increasing sapwood depth as in 
Phillips et al. (1996) and Schäfer et al. (2002). Atmospheric humidity and temperature were 
measured with a capacitive relative humidity sensor and a thermistor (Vaisala HMP 35C, 
Campbell Scientific, Logan, UT, USA) suspended in the upper third of the canopy in each stand, 
and vapor pressure deficit (D) was calculated from relative humidity and air temperature. Leaf 
transpiration (El) and canopy conductance (Gs) were calculated using monthly measurements of 
LAI and a site-specific relationship between diameter at breast height (dbh) and sapwood area 
(see Chapter 4; Drake et al. submitted) as in Ewers et al. (2001). The ratio of pine sapwood area 
to pine leaf area was calculated at the stand level by summing the sapwood area of all pines and 
dividing by pine LAI measured at the ecosystem scale. 
Wood δ13C composition 
We measured the stable carbon isotope composition (δ13C) of wood to investigate if the 
physiology measured by gas exchange was characteristic of the long-term behavior of these 
trees. Biomass δ13C values are often used as long term integrators of ci/ca (Farquhar et al. 1982; 
Katul et al. 2000; Dawson et al. 2002) because the relative importance of isotopic fractionation 
by rubisco carboxylation (fractionation of ~27‰) versus diffusion through the stomatal pore 
(fractionation of 4.4‰) vary with ci/ca. We previously reported wood δ
13
C values of the last five 
years of growth of eight pines per site (see Chapter 4; Drake et al. submitted); we include these 
data as an independent reference for the measurements of ci/ca derived from gas exchange. Wood 
was sampled with tree cores, dried, ground, and analyzed for δ13C at the University of Illinois 
using an elemental analyzer (ECS 4010, Costech Analytical, Valencia CA) coupled to a Conflo 
IV interface (Thermo, Bremen, Germany) and a Delta-V Advantage isotope-ratio mass 
spectrometer (Thermo, Bremen, Germany). The precision calculated from 12 samples run in 
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duplicate was 0.09‰ and the average measured deviation of an in-house isotopic reference 
material was less than 0.05‰ of its known value (n = 5). 
Tree ring analysis 
Twenty canopy trees were cored per site, with 2 cores at perpendicular angles per tree. The cores 
were sanded, imaged using a flatbed scanner (Epson Perfection V700 Photo, Epson, Rockford, 
IL, USA) and ring widths for the past 30 years were quantified using an image analysis program 
(Windendro, Regent Instruments Inc, Nepean, Ontario, Canada) and averaged by tree. Ring 
widths were detrended and built into site-level chronologies using standard dendrochronology 
techniques and the dplR package (R Development Core Team 2007; Bunn 2008). Detrended ring 
widths were then regressed against climate variables using DENDROCLIM (Franco & Kishor, 
2004), which determines the strength of the relationship between climate variables and annual 
ring width and evaluates the significance of these correlations with robust bootstrap re-sampling 
techniques. Monthly average temperature and Palmer Drought Severity Index (PDSI) values for 
the past 30 years in Durham County, North Carolina, were obtained from the National Climatic 
Data Center (http://www1.ncdc.noaa.gov/pub/data/cirs/ ).  
Data analysis 
Statistical analyses were performed using the MIXED and REG procedures of the SAS system 
(SAS 9.1, SAS Institute, Cary, NC, USA). The assumptions of homoskedasticity and normality 
of residuals were checked using the UNIVARIATE and REG procedures. Non-linear regressions 
were fit in Sigmaplot (version 10.0, Systat Software, San Jose, CA, USA). Stands were treated as 
the unit of replication in all cases (n = 9 for gas exchange, fluorescence, and SLA; n =12 for 
wood isotopes and dendroclimatology; n = 5 for sap flow). 
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RESULTS 
Validation of gas-exchange measurements 
Detached branches sampled in the late afternoon exhibited a strong decline in gs once harvested, 
while branches sampled in the mid-morning showed no change in gs over the course of >40 
minutes (Fig. 5.1a), which was sufficient time to measure an A:ci curve. Pairs of A:ci curves 
demonstrated strong correlations between corresponding rates of photosynthesis for attached and 
detached foliage (Fig. 5.1b, detached Anet = 0.2 + 0.95* attached Anet, p < 0.001, r
2 
= 0.99, slope 
not significantly different than 1, p > 0.5). Additionally, Vc,max and Jmax derived from these 
measurements did not differ between attached or detached foliage (paired t-test, p > 0.3 for 
Vc,max, p > 0.1 for Jmax). Thus, we concluded that A:ci curves could be measured on detached 
foliage without measurement artifacts as long as the branches were detached before 1400 EST.  
Increasing N limitation hypothesis 
While ecosystem-level pine leaf area index (LAI) declined with age (see Chapter 4; Drake et al. 
submitted), leaf area per individual increased with age along the trajectory predicted by an 
equation derived from destructive measurements at the Duke FACE site (Fig. 5.2a; Naidu et al. 
1998). There was a marginally significant increase in foliar N (Fig. 5.2b; p = 0.08) and no 
evidence of a systematic change in photosynthetic capacity with increasing age (Fig. 5.2c-d) with 
no detectable change in Vc,max or Jmax. There was no detectable change in the retranslocation of N 
(Table 5.1). 
Hydraulic limitation hypothesis 
Light saturated photosynthesis declined by ~25% with increasing age, from 12 to 9 μmol CO2 m
-
2
 s
-1
 at 15 and 115 years of age, respectively (Fig. 5.3a). There was a corresponding age-related 
decline of ~40% in stomatal conductance, from 0.15 to 0.09 mol H2O m
-2
 s
-1
 at 15 and 115 years 
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of age, respectively (Fig. 5.3b). The decline in conductance lead to a decline in ci (Fig. 5.3c) and 
an increase in the stomatal limitation to photosynthesis (Fig. 5.3d) with increasing age. When 
combined with the absence of an age-related change in Vc,max or Jmax, these results suggest that 
the shape of A:ci curve did not vary with age, but that older trees were operating at a lower ci 
(Fig. 5.4). In addition, needle SLA declined significantly with age (Fig. 5.5) from 47 to 40 cm
2
/g 
at 15 and 115 years of age, respectively, and the ratio of sapwood area to leaf area increased with 
age from 3.1 cm
2
/m
2
 at age 15 to ~6 cm
2
/m
2
 at age 115 (Table 5.1; y = 4.01 + 0.017x, p < 0.05, 
r
2
 = 0.34) 
The decline in ci with increasing age was corroborated by wood C isotopic measurements 
(see Chapter 4), which reflect time-integrated ci/ca values (Katul et al. 2000). Wood δ
13
C 
increased from -27.8‰ at age 14 to -26.3‰ at age 115 (y = -27.29 + 0.0125x, r2 = 0.45, p < 
0.05), which corresponded to a decline in ci/ca from 0.65 at 15 years of age to 0.58 at age 115 (y 
= 0.65 – 0.0005x, r2 = 0.45, p < 0.05). Estimates of mean ci/ca from gas exchange and wood δ
13
C 
were correlated (isotopic ci/ca = 0.321*(gas exchange ci/ca) + 0.442, r
2
 = 0.39, p < 0.05).  
Sap-flow measurements indicated that daytime leaf transpiration rates declined by ~60% 
with increasing age (Fig. 5.6a). The youngest forests had the highest daytime canopy-weighted 
stomatal conductance (Gc) at low VPD, but these forests rapidly reduced Gc as VPD increased 
(Fig. 5.6b). In contrast, the oldest forests always had low Gc, and were thus less sensitive to 
increases in VPD. Age-related differences in Gc were most pronounced at low VPD values. 
The dendroclimatologial analysis demonstrated that radial growth of all forest ages was 
greatest in years with cool summers and high water availability (i.e. high values of PDSI; Fig. 
5.7), as radial growth was positively correlated with PDSI and negatively correlated with 
temperature at all sites. However, the strength of these correlations declined with age. Thus, the 
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youngest pines were more sensitive to hot and dry summers relative to older forests. Summer 
mean temperature and PDSI were not correlated (p > 0.5).  
Photo-protection or -damage  
There was no age-related change in any of the measured fluorescence parameters (Table 5.2). All 
needles had dark adapted Fv/Fm values from 0.8 to 0.83, indicating healthy photosystem II 
complexes in all cases. There was no change in quantum yield or NPQ with increasing age, 
indicating that photoprotective mechanisms did not increase with age at the relatively low light 
levels of these measurements.  
 
DISCUSSION 
Light saturated photosynthesis declined by ~25% with increasing age, and the corresponding 
decline in stomatal conductance and decrease in ci suggest that this was driven by increasing 
hydraulic limitation. Results were not consistent with any of the predictions regarding the 
hypothesis of increasing N limitation, while all but one of the predictions regarding the 
hypothesis of increasing hydraulic limitation were supported. Leaf- and canopy-level stomatal 
conductance declined, ci/ca declined, stomatal limitation increased, specific leaf area decreased, 
and the ratio of sapwood area to leaf area increased. We conclude that hydraulic limitation 
increasingly limits photosynthesis in aging loblolly pines. The decreasing sensitivity of radial 
growth to adverse interannual climate variation with increasing age, the opposite of our 
prediction, suggests that hydraulic limitation may reflect an increasingly conservative growth 
strategy. 
 The hydraulic limitation hypothesis has broad support for a variety of forest types. 
Delzon et al. (2005) observed that photosynthetic capacity of maritime pine (Pinus pinaster) did 
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not vary across a chronosequence where NPP was known to decline and suggested that reduced 
stomatal conductance caused a decrease in GPP and hence NPP. A number of sap-flow 
investigations have demonstrated reduced water use by trees of increasing age (Ryan et al. 2000, 
Zimmerman et al. 2000, Roberts et al. 2001, Köstner et al. 2002, Phillips et al. 2003, Moore et 
al. 2004, Delzon & Loustau 2005), which have been corroborated by leaf-level gas exchange 
studies demonstrating reduced gs and Anet in old trees (Yoder et al. 1994, Koch et al. 2004, 
Greenwood et al. 2008). However, the only study to link whole-forest C budgets with a test of 
the hydraulic limitation hypothesis did not find a change in conductance of sufficient magnitude 
to explain the observed decline in GPP (Barnard & Ryan 2003, Ryan et al. 2004). Thus, many 
old and tall trees show a consistent pattern of increasing hydraulic limitation, but it is unclear if 
this can generally explain the age-related decline in NPP across forest types. 
 The data presented here specifically support five predictions from the hydraulic limitation 
hypothesis referenced by Ryan et al. (2006). These include (1) reduced canopy Gs, (2) reduced 
leaf level gs, (3) increased δ
13
C and reduced ci/ca, and (4) reduced Asat. Additionally, (5) there 
was evidence of compensation for increasing hydraulic limitation, as the ratio of sapwood area to 
leaf area (cm
2
/m
2
) increased significantly with age; sapwood area to leaf area was 3.1 cm
2
/m
2
 at 
age 14 and 6 cm
2
/m
2
 at age 115. DeLucia et al. (2000) demonstrated that published values of 
pine sapwood area to leaf area were positively related to summer average daily maximum VPD; 
the youngest forest measured here corresponds to pines growing at a VPD of ~1.5 kPa, while the 
oldest forests correspond to pines growing at ~2.8 kPa. Thus, pines are known to vary the 
amount of sapwood per leaf area in response to evaporative demand, and pines observed here 
compensated across the full range of observed values in the DeLucia et al. (2000) dataset. 
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The reduction in SLA with increasing age has been observed previously and attributed to 
a reduction in turgor driven cellular expansion (Woodruff et al. 2004; Koch et al. 2004). A 
reduction in SLA with increasing height in the canopy of individual forests is commonly 
observed and often attributed to the physiological differences between sun and shade foliage 
(Harley et al. 1996; Koch et al. 2004; Ambrose et al. 2009; Mullin et al. 2009). However, all of 
the needles measured here were sun leaves from the top of forest canopies, implicating a 
physiological difference based on height, such as reduced turgor, not physiological acclimations 
to light availability. 
The dendroclimatological results (Fig. 5.7) were the opposite of predicted, but they were 
consistent with the Gc measurements derived from sap-flow (Fig. 5.6b). Gc of the youngest trees 
was very sensitive to variation in evaporative demand, while the oldest trees had consistently low 
Gc that varied little with VPD. This was consistent with the correlations between radial growth 
and interannual climate variation (Fig. 5.7); growth by the youngest trees was most sensitive to 
environmental variation related to water availability, while growth by the oldest trees was less 
affected. Together, these results suggest that these trees increasingly adopt a stress-tolerant, 
conservative growth strategy with increasing age. Grime (1977) hypothesized that forest 
communities should change from ruderal to stress-tolerating species during the course of 
secondary succession. The same process of growth strategy acclimation may occur within 
individual species exhibiting state-dependent plasticity in life history strategies, as has been 
recognized in animals (McNamara & Houston 1996).  
The results of this study are in general agreement with the literature, showing little 
support for increasing N limitation as a cause of the age-related decline in GPP and hence NPP. 
While N limitation of NPP is widespread across all ecosystem types and particularly strong in 
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temperate forests (Elser et al. 2007; LeBauer & Treseder 2008), there is no established pattern of 
declining nutrient availability with increasing age commensurate with declining NPP (Ryan et al. 
1997a, Olsson, Binkley & Smith 1998). Some ecosystem modeling efforts have suggested that 
nutrient availability should decline with age as N is immobilized in woody biomass (Murty & 
McMurty 2000), but observational support for this process is rare (Johnson 2006). 
In conclusion, leaf-level photosynthetic rates by loblolly pine declined with increasing 
age through increasing hydraulic limitation of stomatal conductance, not increasing nutrient 
limitation. Combined with previous measures of declining production in these forests (see 
Chapter 4; Drake et al. submitted), it appears that hydraulic limitation of GPP can explain the 
observed age-related decline in NPP for these loblolly pines. Thus, this study supports the 
hypothesis of Ryan et al. (1997a) that GPP is the driver of age-related changes in NPP, rather 
than Ra as was previously thought (e.g. Odum 1969). This conclusion has implications for the 
future of the C sink in aggrading temperate forests (Pacala et al. 2001), because elements of 
global change that primarily affect photosynthesis (i.e. CO2) may have a larger influence on the 
future productivity of these forests than elements primarily affecting Ra (i.e. temperature). 
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Table 5.1. Foliar N and C concentrations (%) and the ratio of 
sapwood area to leaf area of Pinus taeda at 12 forest of varying age 
in North Carolina. Values are the mean (±1SE) of 8-10 replicates. 
The collection of fresh foliage by shotgun was not feasible in three 
of the twelve sites; these values are indicated as NA’s. There were 
no significant relationships between measured variables and stand 
age (regression, p > 0.05) except for pine sapwood area / leaf area (p 
< 0.05). 
 Pine Fresh 
Foliage 
Pine Litter % Pine N 
translocation  
 
Stand average 
pine sapwood 
area / leaf area 
(cm
2
/m
2
) 
Age N  
(%) 
C 
(%) 
N 
(%) 
C 
(%) 14 1.14 
(0.05) 
51.3 
(0.5) 
0.49 
(0.02) 
52.7 
(0.1) 
57          
(0.1) 
 
3.1 
19 1.19 
(0.04) 
51.3 
(0.4) 
0.69 
(0.06) 
52.0 
(0.2) 
42            
(0.1) 
4.3 
22 1.21 
(0.03) 
52.1 
(0.4) 
0.59 
(0.03) 
50.6 
(0.2) 
51           
(0.1) 
5.6 
36 1.24 
(0.05) 
52.1 
(0.2) 
0.55 
(0.02) 
51.6 
(0.2) 
56          
(0.1) 
4.4 
42 NA NA 0.46 
(0.01) 
52.6 
(0.2) 
NA 5.7 
53 1.23 
(0.06) 
52.5 
(0.4) 
0.54 
(0.02) 
52.7 
(0.2) 
56            
(0.1) 
4.6 
71 1.15 
(0.04) 
51.4 
(0.3) 
0.47 
(0.02) 
52.1 
(0.2) 
59          
(0.1) 
5.6 
74 NA NA 0.59 
(0.02) 
50.5 
(0.3) 
NA 4.4 
79 1.16 
(0.05) 
50.9 
(0.5) 
0.50 
(0.02) 
50.6 
(0.2) 
57          
(0.1) 
5.5 
97 NA NA 0.48 
(0.02) 
52.4 
(0.2) 
NA 4.9 
114 1.31 
(0.05) 
52.4 
(0.5) 
0.45 
(0.02) 
52.3 
(0.2) 
66          
(0.1) 
5.7 
115 1.13 
(0.04) 
51.3 
(0.4) 
0.65 
(0.02) 
51.2 
(0.2) 
43          
(0.1) 
6.8 
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 Table 5.2. Fluorescence measurements of Pinus taeda needles at 9 sites 
of varying age. Quantum yield and non-photochemical quenching (NPQ) 
were measured after 5 minutes acclimation to 200 μmol photons m-2 s-1. 
Values are mean (±1SE). There was no relation with stand age for any 
variable (regression, p > 0.1). 
Age n Dark 
adapted 
Fv/Fm 
Quantum 
yield 
(Fm’-Ft)/Fm’ 
NPQ 
Fm/Fm’ -1 
14 7 0.80 (0.005) 0.56 (0.02) 0.40 (0.06) 
19 6 0.82 (0.007) 0.61 (0.01) 0.52 (0.11) 
22 8 0.82 (0.002) 0.64 (0.01) 0.33 (0.03) 
36 8 0.83 (0.004) 0.61 (0.01) 0.38 (0.02) 
53 8 0.82 (0.003) 0.62 (0.01) 0.48 (0.04) 
71 7 0.83 (0.004) 0.59 (0.01) 0.67 (0.09) 
79 8 0.80 (0.008) 0.61 (0.02) 0.50 (0.08) 
114 8 0.82 (0.007) 0.60 (0.02) 0.42 (0.06) 
115 8 0.82 (0.003) 0.57 (0.01) 0.66 (0.06) 
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Figure 5.1. Validation of gas exchange measurements on detached branches of loblolly pine 
(Pinus taeda) measured using the canopy access towers in the ambient CO2 plots at the Duke 
Free Air CO2 Enrichment (FACE) site. Representative time-courses of stomatal conductance to 
H2O (gs) under light saturation following branch detachment (a). Branches were detached at time 
zero. Compilation of five pairs of A:ci curves performed before and after detaching branches (b). 
The solid line is the 1:1 relationship. The dashed line is the best linear fit: y = 0.21 + 0.96x, p < 
0.001, r
2 
= 0.99. 
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Figure 5.2. Leaf area and photosynthetic capacity of loblolly pine (Pinus taeda) needles in 
relation to stand age. Leaf area per tree (a) as observed and predicted from an equation relating 
leaf area to diameter at breast height. There was no difference in the slope or intercept between 
categories, so a single regression was used; y = 26.48 + 1.34x, p < 0.001, r
2
 = 0.69. Foliar 
nitrogen concentrations (b) increased marginally with increasing age: y = 2.54+0.005x, p = 0.08, 
r
2 
= 0.28. Carboxylation capacity (Vc,max; c) and the maximum rate of electron transport (Jmax; d) 
did not vary significantly with age. All error bars are ±1SE of 8-10 measurements per site. 
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Figure 5.3. Gas exchange parameters of loblolly pine (Pinus taeda) needles at light saturation 
and atmospheric [CO2] in relation to stand age. Light saturated photosynthetic CO2 uptake (Asat) 
declined with increasing age (a): y = 12.0 – 0.032x, p < 0.05, r2 = 0.47. Stomatal conductance to 
H2O (gs) declined with increasing age (b): y = 0.15 – 0.0007x, p < 0.05, r
2 
= 0.56. The 
concentration of CO2 within needle air-spaces (ci; c) declined in a negative exponential manner 
with increasing age: y = 201.8 + 120.8*exp(-0.057x), p < 0.05, r
2
 = 0.65. Stomatal limitation to 
the realized rate of photosynthesis (d) increased in a saturating exponential manner with 
increasing age: y = 0.15 + 0.296*exp(-0.366x), p < 0.01, r
2
 = 0.75. 
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Figure 5.4. Net CO2 assimilation (Anet) in relation to the concentration of CO2 within needle air-
spaces (ci), reflecting an average of 72 A:ci curves within 9 stands of loblolly pine forests (Pinus 
taeda) of varying age. The shape of the curve did not vary with age. Error bars are ±1SE. The 
solid lines are the CO2 supply curves that connect atmospheric [CO2] to ci; the slope of these 
curves is proportional to stomatal conductance. The solid line shows the CO2 supply function for 
the youngest forests, while the dashed line refers to the oldest forests.  
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Figure 5.5. Specific leaf area (SLA) of loblolly pine (Pinus taeda) needles in relation to stand 
age. All error bars reflect ±1SE of 8-10 measurements per site. Specific leaf area (SLA) declined 
with increasing age: y = 47.2 – 0.063x, r2 = 0.41, p < 0.05. 
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Figure 5.6. Sap-flow derived leaf transpiration over time (El; a) and canopy-weighted stomatal 
conductance to CO2 (Gc) in response to vapor pressure deficit (VPD; b) in loblolly pine (Pinus 
taeda) trees of varying age. Values reflect the mean of measurements from 12 May and 1 
October, 2008 and error bars reflect ±1SE of 3-520 measurements per point (very high VPD 
values were rare). Only daytime values from 10-20 hours were used to compute the Gc averages. 
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Figure 5.7. Dendroclimatological analysis of radial growth by loblolly pine (Pinus taeda) forests 
of varying age. Radial growth was positively correlated with the Palmer Drought Severity Index 
(PDSI) and negatively related to temperature in all sites, but the strength of these correlations 
declined with age. PDSI: y = 0.15 + 0.49*exp(0.023x), r
2
 = 0.46, p < 0.05; Temperature: y = -
0.79+0.5*exp(-0.036x), r
2
 = 0.71, p < 0.01. Summer was defined as June-August. 
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CHAPTER 6 
SUMMARY 
 Forests play a dominant role in global C cycling (Field et al. 1999; Denman et al. 2007) 
by exchanging fast quantities of matter and energy with the atmosphere. Terrestrial ecosystems 
absorbed 1-2 Pg C y
-1
 from the atmosphere from 1980-2000, about 25% of anthropogenic 
emissions (Ciais et al. 1995; Battle et al. 2000; McGuire et al. 2001). Forests comprise ~50% of 
terrestrial Net Primary Production (NPP; Schlesinger et al. 1997; Field et al. 1999) and account 
for a substantial proportion of the net uptake of 1-2 Pg C y
-1
 (Pacala et al. 2001). 
While forest C uptake is a substantial global flux, the amount of extra C sequestered 
under elevated CO2 is very unlikely to completely mitigate anthropogenic C emissions. Hamilton 
et al. (2002) estimated that 1.47 PgC yr
-1
of C would be sequestered if all temperate forests 
(9.2x10
12
 m
2
; Schlesinger 1997) responded to atmospheric CO2 concentrations expected for 2050 
as simulated in the Duke FACE experiment. While this is a large C flux, it accounts for less than 
10% of the anthropogenic emissions expected in the year 2050. This simple calculation 
demonstrates that elevated CO2 is highly unlikely to induce enough forest C storage to offset 
anthropogenic emissions, and emission reductions are necessary to stabilize the concentration of 
atmospheric CO2 at a moderate level (IPCC 2007; Le Quéré et al. 2009). 
 However, the behavior of ecosystems has a large effect on the predicted magnitude of 
climate change within an individual scenario of anthropogenic emissions. This was demonstrated 
most dramatically by a comparison of eleven global circulation models (Friedlingstein et al. 
2006) run such that the A2 emissions scenario (Nakicenovic et al. 2000; Le Quéré et al. 2009) 
was coupled to C cycling sub-models operating on land and in the oceans. The models differed 
in how this interaction was parameterized, but all were based on defensible literature 
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information. However, the predicted concentration of CO2 for the year 2100 differed by more 
than 300 ppm; some models predicted CO2 concentrations as low as 700 ppm because of a 
widespread CO2-fertilization of net C uptake, while other models predicted CO2 concentrations 
above 1000 ppm because of warming-induced C loss from ecosystems. Thus, the response of 
ecosystem C exchange to climate change is one of the largest uncertainties in the prediction of 
future atmospheric CO2 concentrations and thus future climate.  
Research presented in this dissertation addressed these uncertainties in two general 
categories; (1) the mechanisms enabling a long-term (>10 year) positive NPP response for a 
young forest exposed to experimental atmospheric CO2 enrichment, and (2) elucidating the 
factors controlling forest NPP over a successional timescale (>100 years) to determine whether 
long-term patterns of C uptake will be primarily determined by CO2 fertilization of GPP or 
warming-induced increases in Ra. In this Summary I separately address the limitations and 
implications of each research theme. 
 
EXPERIMENTAL CO2 ENRICHMENT OF A YOUNG FOREST 
The sustained positive growth response to elevated CO2 at the Duke Free Air CO2 
Enrichment (FACE) experiment was maintained by increased soil N uptake, likely from 
increased N liberation from the decomposition of soil organic matter. I demonstrate in Chapter 2 
that the increased standing crop of fine root biomass under elevated CO2 associated with 
increased soil N uptake incurs a large respiratory cost, such that a considerable portion of the 
extra C fixed under elevated CO2 is rapidly returned back to the atmosphere by fine-root 
respiration.  
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These results, combined with extensive research by a community of scientists, provide a 
detailed and synthetic understanding of how the forest at Duke FACE responds to elevated CO2. 
However, this experiment was necessarily limited to a single forest type and may not be 
representative of the CO2-response of forests that differ in climate, species composition, or age. 
The initial response of NPP to elevated CO2 was similar across four FACE experiments (Norby 
et al. 2005), suggesting some consistently in the CO2-response of young temperate forests. 
However, no adult tree in tropical or boreal forests (Korner 2009) and only eleven mid-sized 
temperate forest trees have been studied at elevated CO2 (Korner et al. 2005). Thus, the CO2-
response of most of the world’s forested area is highly uncertain. 
There is also unexplained variation in the long-term (>10 year) CO2-response within 
temperate forest FACE experiments. Why has increased C flux belowground successfully 
returned N to the trees at Duke FACE, but not in other elevated CO2 experiments? For example, 
sweetgum (Liquidambar styraciflua) trees exposed to elevated CO2 at the Oak Ridge National 
Lab (ORNL) FACE also increased C allocation belowground, with a dramatic increase in fine 
root production (Norby et al. 2004) but the CO2-stimulation of NPP is now declining because of 
progressive nitrogen limitation (R. Norby personal communication). While a detailed and 
mechanistic explanation of the difference between the Duke and ORNL FACE experiments is 
beyond the scope of this work, the difference in mycorrhizal fungal associations between these 
sites provides an interesting and plausible explanation.  
Different mycorrhizal associations may explain the difference between the long-term 
effects of elevated CO2 on the growth of loblolly pine and sweetgum trees. Loblolly pines are 
ectomycorrhizal (Stottlemyer et al. 2008), forming associations with fungi in the Basidiomycota 
and Ascomycota, while sweetgum trees form associations with arbuscular mycorrhiza (AM) in 
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the Glomeromycota (Constable et al. 2001). While there is little evidence for AM fungi 
involvement in increased N acquisition, even from inorganic N sources (Lambers et al. 2008; but 
see Hodge et al. 2001; Jun et al. 2005; Govindarajulu et al. 2005), ectomycorrhizal associations 
have been demonstrated to increase acquisition of inorganic and organic soil N, in some cases 
providing up to 86% of plant N (Hobbie and Hobbie 2006). However, all experimental CO2 
differences cannot be explained by mycorrhizae; loblolly pines growing in open-top chambers at 
a low-fertility site at the Southeast Tree Research and Education Site (SETRES) did not respond 
to elevated CO2 in the absence of N-fertilization (Oren et al. 2001) while the same species 
increased NPP at the medium-fertility Duke FACE site to a degree that was strongly correlated 
with soil potential N mineralization (Finzi et al. 2002). Thus it is possible that the degree and 
duration of forest production responses to elevated CO2 can be explained through the interaction 
of mycorrhizal associations and soil fertility. Encapsulating these processes as simple 
mechanisms that can be incorporated into global circulation models and used to reduce the 
uncertainty of climate projections remains a substantial challenge. 
 
LONG-TERM CONTROLS OF FOREST PRODUCTION 
All of the forest FACE experiments have been performed in young temperate plantations 
(Norby et al. 2005); we know very little about the response of old forests to elevated CO2 or 
other aspects of global change. The results of Chapters 4 and 5 suggest that the age-related 
decline in pine NPP was driven by an increasing limitation of net photosynthetic rates caused by 
stomatal closure. The decline in pine NPP was partially alleviated by increasing NPP by later-
successional hardwood tress. Thus, NPP was affected by age-related change at the individual 
physiology and community scales. 
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The research presented in Chapters 4 and 5 had a number of limitations. Fundamentally, 
all of this research rested on the assumptions regarding the space-for-time substitution: (1) site 
selection minimized non-age related differences between plots, and (2) all plots would recreate 
the trajectory of change inferred from the chronosequence if measurements were repeated over 
time. I addressed these assumptions in Chapter 4. Additionally, the quantification of GPP was 
limited to a subset of a single growing season, and the hardwood GPP estimate was complicated 
by additional uncertainties regarding the relationship between leaf temperatures and the 
measured air temperature. Thus, it is not clear if increasing hardwood photosynthesis completely 
alleviated the decline in pine GPP, or if hardwood GPP increased in the same proportion as 
hardwood NPP. 
Inferring an effect of elevated CO2 through measurements of the stomatal limitation of 
photosynthesis is inherently limited because it assumes no physiological adjustment or change in 
response to CO2 concentrations. There is very limited experimental data regarding the CO2-
response of large, old trees. A single experiment in Switzerland examined the response of a few 
old trees to elevated CO2 by suspending CO2-emitting tubes throughout the canopy of individual 
trees (Korner et al. 2005). While the authors concluded that old trees do not accumulate C at a 
higher rate under elevated CO2, this study may have failed to observe a significant increase in 
diameter growth rate because of limited statistical power, as only eleven individuals were 
measured, spread across four species. Regardless, the results of this experiment highlight one of 
the major uncertainties regarding the old-forest research in this dissertation: increased gross C 
uptake does not necessarily translate into net C storage, as the extra fixed C can simply cycle 
through the ecosystem more quickly. Research at the Swiss site demonstrated increased C flux 
belowground near the fumigated trees, with higher levels of soil respiration, soil CO2 
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concentrations, and increased fungal fruiting body production (Steinmann et al. 2004; Keel et al. 
2006; Asshoff et al. 2006). 
I demonstrate in Chapters 4 and 5 that pine NPP declines strongly with age because of 
increasing hydraulic limitation of photosynthesis, suggesting that gross C uptake by old trees 
may be strongly stimulated by elevated CO2. However, translating this finding into predictions of 
net C uptake are complicated by uncertainties regarding the residence time of this extra fixed C. 
Net C uptake would be stimulated if the C were allocated to long-lived tissues such as woody 
biomass, but the increase in net C uptake would be reduced with C allocation to respiration or 
ephemeral tissues such as fine roots and reproductive structures. The results of Korner et al. 
(2005) would suggest that C flows more quickly through old trees exposed to elevated CO2 
without accumulating; the statistical limitations of that experiment prevent the formation of firm 
conclusions, but faster cycling of C through ecosystems exposed to elevated CO2 has been 
observed in other experiments (see Chapter 3; Jackson et al. 2009). Thus, we are unlikely to fully 
understand the effect of elevated CO2 on old trees without direct experimentation, which is 
difficult with large, tall trees. 
 
EVOLUTIONARY ECOPHYSIOLOGY 
 Many ecophysiological global change investigations, including this one, study the 
physiology and behavior of plants with little thought to the evolutionary pressures that shaped 
the behavior of the study organisms. For example, Chapters 4 and 5 of this dissertation followed 
a standard ecophysiological approach, where a phenomena at a high level of biological 
organization (age-related decline in NPP by pines) was explained by understanding the 
mechanism operating at a lower level of organization (hydraulic limitation of pine 
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photosynthesis). Thus, I studied the proximate cause of a phenomenon. However, I believe that 
we can achieve a deeper understanding of a natural phenomenon by borrowing concepts from 
evolutionary ecology and asking ―why‖ a process exists. That is, an ecophysiological process 
would be understood more fully if we understood the ultimate, evolutionary cause of proximal 
mechanisms. In what follows, I will attempt to illustrate one approach to this process using data 
derived from the chronosequence work in Chapters 4 and 5. This is an ad-hoc exercise, and while 
some validation data are lacking, I believe I can demonstrate the process of the research I 
envision for the future. I ask the questions, what is the strongest selection pressure experienced 
by these pines, and can this explain age-related variance in pine NPP?  
 I quantified the selection pressures operating on loblolly pine trees of varying age using a 
Leslie matrix modeling technique common in population ecology (Cochran and Ellner 1992; 
Crowder et al. 1994; Cropper and Loudermilk 2006). A Leslie matrix is an NxN square matrix, 
where N is the number of age categories chosen to reflect the maximum lifespan of the species in 
question. During a time-step, an individual may reproduce, move to the next age category, or die 
(individuals may not stay in the same age category). The transition probabilities (i.e. the 
probability that an individual will move to the next age category) are shown just below the 
diagonal of the matrix, while reproductive values (number of individuals that enter the first age-
class for every individual in later age-classes) are shown across the top of the matrix. The power 
of this approach is that the leading eigenvalue and eigenvector that determine the long-term rate 
of growth and the stable age distribution, respectively, can be derived from the well-known 
Euler-Lotka equation (Euler 1760; Lotka 1939; Charlesworth 1994; Otto and Day 2007). 
Furthermore, the importance of each value in the matrix can be determined with a sensitivity 
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analysis, where the change in the leading eigenvalue (λ) per unit change in each matrix 
parameter is computed.  
 I derived Leslie matrix parameter values from measurements of stem density and female 
cone production of pines of varying age. I chose four age categories (i.e. a 4x4 matrix), 0-30, 30-
60, 60-90, and 90-120 years of age, such that each category utilized data from three stands. I 
chose a small number of categories, as the difficulty in the calculus involved in calculating λ 
increases exponentially with increasing category number (Otto and Day 2007). I quantified 
transition probabilities as the difference between average pine stem density in age class N and 
age-class N+1 divided by the stem density of age class N. I quantified reproduction by counting 
the number of female cones present on the ground in each stand in twenty 1x1 m
2
 quadrats in 
early June. Loblolly pines produce female cones in the late summer, seed is released from 
attached cones in the fall and winter, and these cones typically drop in the late winter or spring 
(LaDeau S, personal communication). Thus, cones produced in the previous year were easily 
identifiable as non-decomposed cones above the hardwood litter layer on the forest floor. Cones 
produced per tree was calculated as the total cones collected per m
-2
 divided by pine stem 
density. Given the high rate of seed and juvenile mortality in this species (Wells and Wakeley 
1966; Schmidtling and Froelich 1993; Cropper and Loudermilk 2006), I assumed that 1/10
th
 of 
each female cone produced lead to the establishment of one individual of the 0-30 year-old age-
class that would be reflected in my measurements of trees greater than 4cm in diameter. While 
this assumption has great uncertainty, variation in this number had no effect on the inference 
made from this analysis. The change in stem density and cone production per tree is shown in 
Figure 6.1.  
165 
 
 The Leslie matrix derived from this procedure is shown in Table 6.1a. As expected, the 
survival and reproductive rates increased with increasing age. For example, an individual in age 
class 1 has a 35% chance of surviving to enter age class 2, and produced an average 0.16 
offspring while 0-30 years-of-age. However, an individual in age class 3 has a 75% chance of 
surviving to enter age class 4, and produced on average 20 offspring while 60-90 years-of-age. 
Intuitively, this suggests that early-life survival is very important, because the individuals that 
die in the first two age classes never experience the high rates of reproduction enjoyed by older 
individuals. This was quantified with a sensitivity analysis of the leading eigenvalue. 
 The leading eigenvalue (λ) determines the long-term rate of population growth. 
Populations with λ > 1.0 grow over time, while populations with λ < 1.0 shrink; λ for the Leslie 
matrix derived here (Table 6.1a) was 2.29, suggesting a very high rate of population growth. 
However, when corrected for the 30-year time step, λ was 1.04 on an annual time-step, which 
corresponds well with other estimates for southern pines (Cropper and Loudermilk 2006). The 
importance of each parameter in the Leslie matrix in driving variation in λ was determined using 
a standard set of equations (Otto and Day 2007); these sensitivities are shown in Table 6.1b. 
Survival rates between the first two age-class transitions were by far the most important 
parameters in the matrix, and thus these traits are under the strongest selective pressure (Crowder 
et al. 1994; Otto and Day 2007). For example, a 1% increase in the survival rate between age 
class one and two would increase λ by 1.9%, while a 1% increase in reproduction in age class 
three would only increase λ by 0.13%.  Thus, the physiology of the pines studied in this 
dissertation were shaped by an evolutionary history of selection for juvenile survival. 
 Juvenile survival in these early-successional, shade-intolerant trees is largely determined 
by height growth to maintain a position in the canopy with high light availability (Chapman 
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1945; Bormann 1953). Thus, the rapid rate of wood production by young pines (Figure 4.3) 
makes sense in an evolutionary perspective, as trees with high rates of juvenile wood production 
(and thus high rates of height growth) are more likely to pass on their genetic material. Likewise, 
the age-related decline in pine wood production (Fig. 4.3) and increased allocation to 
reproduction (Fig. 6.1) also makes adaptive sense, as the proportional importance of 
reproduction relative to survival increases in the later age-classes (Table 6.1b), reflecting 
selection for reproductive output later in life. While this analysis is certainly limited, it illustrates 
how relatively simple tools of evolutionary ecology can be used to understand the adaptive 
significance of ecophysiological mechanisms.  
This approach also allows us to make testable predictions regarding age-related variance 
in NPP in trees of different functional types that were shaped differently by natural selection. 
The dogma of declining NPP with increasing forest age has, at least partially, been driven by the 
research focus on young, highly productive tree species utilized for forestry production such as 
loblolly pine. However, not all trees have evolved to maximize juvenile height growth; many 
shade-tolerant trees maintain very low rates of growth in the shaded understory, but grow rapidly 
to compete for canopy access when a gap forms above them (Kobe et al. 1995; Kobe 1996, 
1999; Canham et al. 1999). Thus, the evolutionary advantageous strategy is not rapid height 
growth early in life, as light is severely limiting in the shaded understory. In these plants, the 
importance of juvenile survival induces conservative growth at low light, followed by rapid 
growth after gap formation. Thus, a combination of basic natural history knowledge and simple 
evolutionary tools can greatly inform why a particular physiological mechanism operates in a 
given environment.  
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SUMMARY 
 Long-term exposure to elevated atmospheric CO2 consistently stimulated NPP at the 
Duke FACE experiment, as the trees were able to acquire additional soil N from the priming of 
soil organic matter decomposition, leading to a decadal-scale C sink in biomass but no soil C 
sequestration. A substantial proportion of the extra C fixed under elevated CO2 was rapidly 
returned to the atmosphere because of increased autotrophic respiration from fine roots. On a 
successional time-scale, the young forest at the Duke FACE site is expected to experience a 
decline in pine NPP because of reduced photosynthetic rates caused by stomatal closure. 
Secondary successional change is likely to lead to increased NPP from hardwood species, 
partially alleviating the declining pine NPP. The magnitude of the decline in pine NPP is likely 
to be modulated by factors that affect GPP such as atmospheric CO2 concentrations; warming-
induced increases in Ra may play less of a role in determining the magnitude of the age-related 
production decline. Future ecophysiological research, especially investigations encompassing the 
entire lifespan of organisms, may be aided by an evolutionary perspective that attempts to 
understand the ultimate evolutionary causes of proximate physiological mechanisms. 
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Table 6.1. Matrices of Leslie parameters (a) and importance values (b) for loblolly pine (Pinus 
taeda) trees in North Carolina derived from the data shown in Fig. 6.1. The values above and to 
the left of each matrix reflect the age-range of each category (years). The values in the top row of 
(a) reflect reproduction- the number of individuals entering the first age-class per individual in 
each age class. The values below the matrix diagonal reflect survival probabilities. The 
corresponding importance of each parameter in determining the long-term population growth 
rate (the leading eigenvalue, or λ) are shown in (b) and reflect the percentage increase in λ for a 
1% increase in the corresponding parameter value. 
 
a 0-30 30-60 60-90 90-120 
0-30 0.16 7.90 20.19 20.44 
30-60 0.35 0 0 0 
60-90 0 0.52 0 0 
90-120 0 0 0.75 0 
     
b 0-30 30-60 60-90 90-120 
0-30 0.29 0.29 0.13 0.29 
30-60 1.91 0 0 0 
60-90 0 1.28 0 0 
90-120 0 0 0.39 0 
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Figure 6.1. Parameters used to derive survival probabilities and fecundity for the Leslie Matrix 
modeling of loblolly pine (Pinus taeda) forests in North Carolina. Each value is the mean of 
three forest stands; error bars reflect ±1SE.
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APPENDIX I 
Supplementary information for chapter 3 
 
 
Table 1. Pools of carbon at the Duke Free-Air CO2 Enrichment (FACE) experiment. All 
units are g C m
-2
. Fine roots and coarse root were summed for Fig. 3.1 and soil CO2 was 
ignored.  Values are mean (±1SE). P-values reflect the main effect of CO2 treatment in a 
repeated-measures RCBD. Fine roots were defined as roots with diameter <2 mm and 
coarse roots were >2 mm. 
Pool Ambient CO2 Elevated CO2 Years p-value 
Fine roots 127 (15) 153 (18) 2003-2007 <0.01 
Coarse roots 1912 (132) 2359 (68) 2002-2007 <0.0001 
Soil CO2 21 (2) 28 (4) 2003-2007 <0.01 
Microbes 55 (7) 63 (4) 2002-2005 0.07 
SOC 2988 (137) 3004 (166) 2002, 2005 >0.5 
Litter 790 (89) 1045 (67) 2002, 2005 <0.05 
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Table 2. Fluxes of carbon at the Duke Free-Air CO2 Enrichment (FACE) site. All units are g C 
m
-2
 y
-1
. Values are mean (±1SE). P-values reflect the main effect of CO2 treatment in a 
repeated-measures RCBD. Fluxes were classified into four types- outputs of C from soil, 
inputs of C to soil, terms calculated to check budget closure, or internal cycling of C within the 
soil. DIC is dissolved inorganic C, ECM is ectomycorrhizal fungus, and SOC is soil organic C. 
Some of these fluxes were summed to obtain the values in Fig. 3.1. Autotrophic respiration is 
the sum of fine and coarse root respiration. The flux to microbes is the sum of exudation, ECM 
production, and other fungal production. Lack of closure was calculated as the sum of all 
outputs minus the sum of all inputs. 
Type Flux Ambient 
CO2 
Elevated CO2 Years p-value 
C Output  Soil CO2 efflux 1408 (49) 1655 (129) 2002-2007 <0.01 
 DIC leaching 16 (2) 22 (1) 1997-1998 <0.05 
Transpiration of DIC 10 (3) 15 (5) 1998-2000 <0.05 
C Input Fine root production 56 (13) 70 (14) 1999-2004 <0.05 
 Coarse root production 100 (10) 143 (9) 2002-2007 <0.0001 
Root exudation 13 (2) 20 (4) 2007-2008 <0.05 
ECM production 12 (0.4) 14 (0.6) 2005-2006 0.06 
Other fungal production 36 (2) 35 (4) 2005-2006 >0.5 
Fine root respiration 564 (69) 703 (80) 2006 <0.05 
Coarse root respiration 123 (10) 142 (16) 2002-2007 <0.001 
Litterfall 370 (41) 447 (38) 2003-2007 <0.05 
Throughfall leaching 8 (4) 14 (5) 1998 <0.05 
Check of 
closure 
Lack of closure 152 (83) 104 (151) this study >0.3 
TBCF 1081 (68) 1246 (70) 2003-2007 <0.05 
Internal 
Cycling 
Fine root mortality 54 (14) 66 (14) 1999-2004 <0.05 
 SOC turnover NA 90 (17) 1996, 1999, 
2002, 2005 
NA 
Litter decomposition 362 (89) 402 (67) 1996, 1999, 
2002, 2005 
<0.05 
Heterotrophic respiration 747 (63) 847 (63) this study >0.2 
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Figure 1 in Appendix I. The relationship between TBCF and KCl extractable soil N at the Duke 
Free Air CO2 Enrichment (FACE) site was analyzed using ANCOVA with and without the N-
fertilized data after log-linearization. In both cases, there was a significant negative relationship 
between TBCF and KCl-extractable soil N; the slope of this relationship was not significantly 
different between the CO2 treatments, but TBCF was significantly greater under elevated CO2 at 
a common level of KCl-extractable soil N (significantly higher intercept, ANCOVA, p < 0.05). 
Including the N-fertilized data did not alter these conclusions or the magnitude of the slope or 
intercepts, so we concluded that a single regression could be fit to the combination of N-
fertilized and -unfertilized data as in Fig. 3.3a. 
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APPENDIX II 
Allometric relationship used to predict wood production by hardwood trees as a function of 
diameter at breast height. There was no difference in the slope or intercept of this relationship 
between species (ANCOVA, p > 0.05). The legend gives the genus or four letter genus-species 
abbreviation. Acru refers to Acer rubrum (Red Maple); Cayra refers to all hickory species in the 
genus; List refers to Liquidambar styraciflua (Sweetgum); Litu refers to Liriodendron tulipifera 
(Tulip poplar); and Qual refers to Quercus alba (White oak). The line is the best fit to all species: 
y = 1.997x – 2.074; r2 = 0.70; p < 0.01. 
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APPENDIX III 
There was a consistent trajectory of pine wood production across chronosequence plots. Average 
stem diameter increments of 20 dominant and 20 suppressed Pinus taeda trees over the last 30 
years derived from tree cores as in the methods of Chapter 4 were scaled allometrically to wood 
production and multiplied by the observed stem density. Each plot is shown as a unique symbol. 
The wood production values used in the main text of Chapter 4 are shown as large grey circles 
and represent the average of the last 5 years of woody increment. 
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